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ABSTRACT
D.G. Jones - The Stability of Coastal Cliffs along a section of
the Ceredigion Coastline
Investigation of cliff recession along 20km of the West Wales coastline has 
recognised erosion processes and mechanisms. Cartographic evidence has 
established considerable spatial variability in long-term retreat rates between 
the solid rock sections and those of tills and glacial clays. Mean contemporary 
recession rates of 13cm yr~ have been measured in the glacial embayments where 
storm wave action is considered the primary direct agent initiating cliff 
erosion. Morphological evidence suggests that different mechanisms have 
produced recession in other areas.
Cardigan Bay is a medium-to-high energy storm-wave dominated environnent 
receiving on average twelve storms per year. A wave-hindcast procedure 
provided measures of storm intensity (maximum value of 4.8x10 Joules/m crest 
width), those from the north-westerly quadrant contributing 82% of all 
destructive waves. Climatic and tidal influences were assessed in terms of 
tidal coverage of different cliff heights along the coastline.
Theoretical wave refraction modelling has predicted a series of longshore 
residual littoral sediment cells. The position of such cell boundaries in terms 
of 'high 1 and 1 low 1 beaches has been assessed by extensive field surveys. 
Longshore variation in beach levels was considered to be constant over the study 
period while changes in 'sweep 1 zones were seasonal though single storm events 
did result in a significant lowering of beach level by up to 1.5m.
Field and laboratory determination of basic physical properties of the tills did 
not differentiate between them although inherent variations of grading were 
found within each till unit. Comparative values of uniaxial ccmpressive 
strength were obtained to represent the geotechnical properties of the various 
cliff materials.
Temporal and spatial variation in erosion rates were considered to be a function 
of environmental, beach and cliff factors. The significance of each factor was 
tested statistically using stepwise multiple regression. Beach volumes were 
most significant in explaining spatial variation whereas no consistent 
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1.1 Importance of research
In June 1980, the Secretary of State for Wales authorised the 
Environmental Engineering Division of the Welsh Office to carry out a 
survey of the coastline of Wales in order to obtain basic information 
for a review of coastal policy and an assessment as to the effectiveness 
of the Coast Protection Act 19^9. This Act made each maritime district 
council in Great Britain a coast protection authority with legislative 
powers to protect land against erosion or encroachment by the sea.
Part of the Terms of Reference for this survey was to identify 
areas of erosion and accretion and to gather information on history and 
rates etc., where available, and on property at risk.
In recent years the Welsh Office has been sponsoring a limited 
amount of research into cliff stability and erosion along unprotected 
coasts and this investigation into the problems of recession along a 
particular section of the Cardigan Bay coastline is part of that policy.
1.2 The problem of coastal erosion
Erosion is a problem that affects all unprotected coastline except 
in those areas where the cliffs are of very hard rock, the greatest 
rates being recorded from areas where active cliff lines are formed in 
unconsolidated material.
Corrective measures are varied and require different approaches and 
attitudes. Engineering solutions in terms of protective structures 
against toe erosion or large-scale slope stabilisation are often neither 
economically feasible nor environmentally desirable.
In the great majority of cases, the problem is accepted by coastal 
authorities as intractable and when nothing more than a minimal amount 
of open land is being lost annually, councils are generally content 
with the policy that the cost of coast protection works must be justified
by the value of what is being protected - that is, the application of 
normal cost/benefit criteria.
The areas of greatest concern along the Ceredigion coast are the 
boulder clay/till flats and cliffs between Llanrhystud and Aberaeron 
and particularly at New Quay (Plates 1.1 and 1.2). Although the area 
is predominantly rural in character, a number of properties,including 
holiday caravans, are threatened and one house has already had to be 
demolished due to wave-induced landslippage.
Current evidence for retreat is the presence of rapidly receding 
field boundaries and fences and the disappearance of coastal foot- 
paths and trackways within living memory.
1.3 Historical background to study area.
The former County of Cardiganshire (now Ceredigion) is well-known 
for its seafaring traditions, both deep-water ships and coasting 
vessels. The inaccesibility of inland parts of the county led to a 
flourishing coastal trade. Both New Quay and Aberaeron were active ports 
in the eighteenth and nineteenth centuries but today are primarily 
holiday resorts.
At New Quay an abrupt turn in the coastline provides a sheltered 
harbour. The Harbour Company was formed in 1833 and the town quickly 
established a reputation for ship building but this has all gone and 
lobster fishing has taken over.
Up to about 1800 the town of Aberaeron was much less important 
than the smaller, picturesque Aberarth, a mile to the north. Aberarth 
is marked on Carey's (1599) map, but not Aberaeron. Then the jetties 
that give shelter to the harbour were built and Aberaeron grew. Coal, 
lime, timber and slates brought into the harbour, together with exports 
of corn and miscellaneous farm produce, were a useful addition to the 
local economy (Fletcher, 1969).
Further north,towards Aberystwyth,settlements are few. The village 
of Llanon is well-spread out over the wide space between the main 
trunk road and foreshore. Nearby,Llansantffraid is not without 
interest; the church is set in a circular churchyard indicating an
PLATE 1 .1 View northwards of glacial embayment 
between Aberaeron and Llanrhystud
PLATE 1.2 General view of boulder clay slopes at New Quay
ancient site while on the south side of the river Peris there are 
scattered groups of former fishermen's cottages (Robinson and Millward, 
1983). Llanrhystud is situated some 1km inland from the coast, the 
foreshore itself being taken up by several large caravan parks. 
Ceredigion today is not of particular economic importance, tourism and 
farming being its main attributes.
1.3.1 Spelling of local place names.
Explanation is given here on the spelling of place names in the 
text. Nomenclature used in maps and various literature is a mixture 
of different anglicised spellings evolved through historical usage. 
There are, for instance, several alternative spellings (both in 
English and Welsh) to be found for most of the place names within 
the study area.
Many place names in Wales have recently reverted to the original 
Welsh spelling and, for convenience, this up-to-date nomenclature has 
been adopted in this account. Most names are unaffected but, for 
instance, Cardigan becomes CEREDIGION, Llanrhystyd - LLANRHYSTUD, 
Llan-non - LLANON, Aberayron - ABERAERON, Little Quay - CEI BACH, while 
NEW QUAY and CARDIGAN BAY itself, to avoid confusion, have retained 
their more familiar English names.
1.4 Previous research in the area.
Geological research in the Ceredigion area was begun circa 1842 
and perhaps the most perceptive interpretation of the detailed 
structure of the area remains that of Ramsay, whose sections were 
published in 1845. Jones (1909, 1912) established the stratigraphical 
succession from graptolites, contradicting the earlier exposition 
given by Keeping (1881). Other important written works published to 
date were those of Jones and Pugh (1915, 1935) and that of Wood and 
Smith (1958) who recognised the local lithologies, collectively known 
as the Aberystwyth Grits, as being turbidite in origin. From the 
geological standpoint the Geological Survey memoir by Jones (1922) is 
the one full and authoritative work although in the third edition of
the Regional Geology handbook of South Wales (George, 1975),northern 
Cardiganshire is given considerable attention.
The glacial history of the area has been well documented by various 
workers, notably Williams (1927), Charlesworth (1929), Bowen (1973a, 
1973b), and Watson (1970, 1977). The latter concluded that a high 
proportion of surface forms and deposits may be adequately explained 
in terms of periglacial origin. From offshore drilling and coring, 
Garrard (1977) has identified the nature and maximum extent of glacial 
sediments off the coast while microfauna and microflora from submarine 
boreholes have enabled Haynes et al.(1977) to reconstruct the late 
Glacial and Holocene environments within the south and central 
Cardigan Bay area.
There is a paucity of information on coastal processes within the 
Cardigan Bay area, particularly in the way they influence erosion rates, 
In recent years numerous studies have focussed on beach and nearshore 
processes. Jarvis (1970), in a study of the Dovey estuary, found that 
tidal activity was the controlling parameter in an estuarine 
environment whilst the work of Orford (1978) at Llanrhystud is of 
particular importance in terms of beach gravel sedimentation.
Of relevance to aspects of this study is a detailed two-year 
investigation by Williams et al.(1981) into beach morphological 
changes at Ynyslas Spit, near Borth. Although the area was shown to be 
essentially stable, wave orthogonals produced by a wave refraction 
model for south-westerly storms indicated a concentration of energy 
at the distal end of the spit which was confirmed by the considerable 
erosion recorded along beach profiles in this area.
Also at Ynyslas, Gulbrandsen (1985) analysed the effects of varied 
tide levels on the ability of a standard wave refraction technique 
(Dobson, 1967) to predict shoreline energy distribution. This study 
showed that erosion correlated well with predicted shoreline energy 
distributions if short period waves are refracted on the rising and 
high tides, and that longer waves correlated well with areas of less 
erosion and possibly with accretion when calculated at low-tide level.
The evolution and erosional history of the coastline from Borth to 
New Quay has been described by Wood (1959) while Heywood (1984) has 
investigated, using cartographic evidence, changes in the south 
Cardigan Bay coastline over the last century. This latter study 
indicated that the changes were not consistent either temporally or 
spatially and that there was an extensive and complex interaction of 
factors involved.
So (1973) highlighted the adverse effect of human interference with 
natural processes on coast development and beach changes around 
Aberystywth and nearby Tanybwlch. A later paper by Wood (1978) discussed 
present-day coast erosion at Aberystywth, particular reference being 
made to a fall in beach level and the undermining of the north 
promenade.
Wood (1978) contended that the building of a new promenade at the 
turn of the century inadvertently cut off a source of beach material 
from the south. In a recent report to Ceredigion District Council, 
Wood (1983) recommended replenishing the beach with some 2000 tonnes 
of pebbles but warned that the only long-term solution would be the 
construction of an underwater breakwater of large rocks.
Consulting engineers Lewis and Duvivier (1960, 1967, 1973), in 
numerous reports to the local authority on sea defence works and beach 
conditions, have referred not only to this deficiency in supply of 
materials to the beaches but also to the rapid breakdown of the parent 
rock. This process of gradual attrition, almost inherent it seems with 
the local Aberystwyth Grits, could be responsible for the loss of a 
substantial portion of potential beach fill offshore.
1.5 Aims and organisation
The original statement of the project outlined an investigation into 
the physical processes responsible for erosion along the south Cardigan 
Bay coastline, special reference being made to the stability of coastal 
till sections.
No complete quantitative study of the total coastal system has yet 
been attempted, partly because of the complex integration of sub-aerial
and marine processes and partly because of the diverse roles p
layed by 
marine processes themselves - both in direct cliff erosion and
 debris- 
forming by undercutting and the removal of the same debris, to
gether 
with protective beach material, by sediment transport movement
 both 
longshore and normal to the shore.
It is only when one considers all the processes operating at o
ne 
place at one time in moulding the coastal landscape that the i
nherent 
problems in geomorphological research become apparent. 'Geomor
phology 
is, and perhaps always will be, one of the most difficult of t
he physical 
sciences' (Linton, 1964, p.58).
Whilst it may be idealistic to expect a complete quantitative 
understanding of the coastal system it is perhaps realistic to
 attempt 
to solve specific problems and to establish empirical relation
ships 
between process and change. Certainly such a quantitative appr
oach 
provides data which can lend itself to statistical analysis pr
oviding 
all relevant parameters are measured. The question then arises
 - which 
parameters are relevant or not?
This study will attempt to postulate a predictive model of the
 
inherent coastal system by quantifying the major factors respo
nsible 
for erosion and determining a statistical relationship ( if an
y ) 
between these factors.
Apart from the largely theoretical and laboratory work of Suna
mura 
(1977) there has been relatively little work on the mechanisms
 of 
erosion and sediment removal by wave action at the toe of a se
a cliff. 
In addition the beach profile and particularly the amount of b
each 
material at the cliff base has received limited attention (Rob
inson, 
1977; McGreal, 1979). Particular reference is given in this st
udy 
therefore to the role of wave action on unconsolidated cliffs
 of 
glacial drift and to the effectiveness of the gravel beaches a
s buffer 
zones. The distribution of wave energy along the coast is iden
tified 
by means of computer modelling and by field experiments making
 use of 
a wave dynamometer and pressure transducer developed in the Ph
ysics 
section of the Department of Science at the Polytechnic of Wal
es.
Ihe structure of the work falls into the following distinct phases 
though not necessarily chapters:
(i) Theoretical modelling of predicted onshore and longshore wave 
power using a wave refraction model developed at Queen's University, 
Belfast, and based on May's (1974) WAVENRG computer programme for 
estimating the distribution of energy dissipation in shoaling waves. 
This model is used to identify potential zones of erosion and deposition 
as expressed by sediment cell boundaries.
(ii) Positioning of such boundaries in terms of beach morphology, the 
presence of 'high 1 and 'low' beach sediment volumes being indicative of 
zones of net deposition and net erosion respectively (Tanner, 1974a) 
The longshore variation in beach morphology is established by topographic 
profiles taken at fixed distance intervals from temporary beach marks 
established above high water level, together with beach sediment sampling 
and testing where necessary.
(iii) Measurement of long-term retreat rates for a 20km section of 
coastline together with contemporary retreat rates for local areas of 
low-lying till and boulder clay slopes. Variation in cliff material 
facies and their geotechnical properties is examined and related to the 
measured coastline recession.
(iv) Quantification of the beach, cliff and environmental factors 
which may account for spatial and temporal variations in erosion rates 
and their statistical analysis in terms of importance.
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CHAPTER 2. 
THE PHYSICAL PROCESSES OF COASTAL EROSION - AN HISTORICAL
PERSPECTIVE OF THE LITERATURE 
2.1 Introduction
Coasts have been a major interest to man throughout most of his 
long history and the phenomenon of coastal erosion has been recognised 
from early times and been extensively documented from many parts of the 
world and from varying coastal environments.
Active interest in coast erosion and defence in Britain dates back 
at least to the medieval period when the Cistercian monks of Furness 
Abbey were known to have constructed dikes and embankments to prevent 
flooding of Walney Island on the Cumbrian coast (Phillips and Rollinson, 
1971).
The medieval village of Dunwich in Suffolk, once said to be a 
considerable settlement with monastery, churches and harbour, has 
virtually been destroyed by coastal erosion. Also in East Anglia the 
area extending south from Cromer along much of the coast of Norfolk 
has suffered severe erosion which was first described by Hewitt (1844). 
Perhaps the best documented area is the Holderness coast of East 
Yorkshire, where erosion of cliffs of glacial drift h-~s been going 
on at least since Roman times (Sheppard, 1912).
The first thorough compilation of the British coastline,and still 
the definitive work to date, was produced by Steers (1946,1973). Although 
these texts were essentially physiographical treatises where the coastal 
morphology was examined in relation to geology and structure, references 
were made to the rate and effects of erosion in specific areas where 
land losses had been severe.
The Royal Commission on Coast Erosion (1911) gave figures that 
indicated the extent of erosion, and accretion, on the coasts of the U.K 
over an average period of 35 years. Evidence was derived from a comparison 
of the various editions of the 6 inch to 1 mile Ordnance Survey maps 
and although in detail the figures may not have been completely accurate,
they did show more land gained from the sea than lost to it.
Nevertheless coastal erosion has been, and remains, a serious 
problem in many areas, not only in Britain but world wide. More 
recently a National Shoreline Survey issued by the U.S. Army Corps of 
Engineers (1971) showed that one quarter of all the U.S. shoreline 
was experiencing significant erosion. Komar (1976) has suggested that 
if Alaska's coasts are excluded, this proportion is raised to 43%.
Much publicity has been given in the last few years to the problem 
of the world's vanishing beaches and its implication for coastal retreat 
(Bird, 1984). A global survey set up by the International Geographical 
Union (IGU) has discovered that more than 70% of the total length of 
sandy coastline around the world has retreated at a rate of at least 
10 cms per year in recent decades, with a third of this total receding 
at more than a metre per year (Gribbin, 1984). The commission's 
definition of sandy coastlines embraces about one-fifth of the total 
coastline but does not include rocky coastline or cliff which has only 
a fringe of sand at its foot.
At a time when the conservation of natural resources is regarded as 
of increasing importance, considerable attention has also been focused 
on the recession of sea-cliffs in connection with coastal zone planning 
and management. (Brown et al, 1978; Griggs and Johnson, 1979; Kuhn and 
Shepard, 1979,1980; Boukuniewicz and Tanski, 1980; Lee, 1980; Nordstrom 
1984,1985).
It is apparent from the accumulated literature about coasts and from 
the works of earlier writers that the problems of coastal erosion 
encompass a wide range of facets. Indeed, current studies reflect the 
inter-disciplinary nature of research work in this field,research which 
spans the fields of geology, engineering, biology, mathematics, 
oceanography and geomorphology. Lithologically, studies range from 
unconsolidated glacial sediments through the more typical soft rocks to 
granites and basalts and in scientific approach from flume tank 
experiments and instrumentation to stratigraphy and the more 
conventional geomorphological direction.
The breadth of investigations concerning coastal erosion discourages 
a complete listing and this review will be primarily limited to those
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studies which delineated the processes investigated and the 
techniques used in this work.
2.2 Qualitative Approach
Published work on coastal erosion has tended to be largely 
descriptive in nature and many provide lists of the various processes 
by which cliffs are eroded by the sea and are of a qualitative or 
semi-qualitative nature. Such studies are invariably subject to 
personal bias and as Trenhaile (1980,p2) stated 'although mechanical 
wave erosion is accomplished by a number of processes, the relative 
importance of these has usually been referred from morphological 
evidence which may be ambiguous'. The first part of this review lists 
in chronological order some examples of this approach.
Shepard and Grant (19^7) provided a list of factors involved in 
wave erosion of rocky coasts in southern California:
(i) hardness of rock
(ii) planes of structural weakness
(iii) coastal configuration
(iv) solubility of rocks and rock cement
(v) height of cliffs
(vi) nature of wave attack
Muir-Wood (1971), describing the engineering aspects of coastal 
landslides, provided perhaps the most comprehensive list of the 
principal factors affecting stability. This paper was an attempt to 
identify and understand the factors involved and, most importantly, to 
understand how they operated in association. It concluded that the 
most efficient solution to coastal instabilities was one which treated 
the problem in a composite manner rather than one which provided separate 
countermeasures to each individual factor.
King (1972) only considered the various marine processes responsible 
for cliff foot erosion:
(i) corrosion - chemical weathering by salt water 
(ii) corrasion - mechanical weathering by abrasion
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(iii) attrition - breakdown of debris formed by erosion 
(iv) hydraulic action - pressure variations by waves
causing block removal.
The last process is probably the most effective agent of marine 
erosion, particularly where shock pressures are exerted by waves as 
they break directly against the cliff face in such a way that pockets 
of air are enclosed (Bagnold, 1939; Denny, 1951).
Where cliffs descend straight into deep water, or if the waves 
break before they reach the cliff, then obviously no shock pressure 
will be induced.
Komar (1976) identified hydraulic pressure by wave impact as the 
principal process of marine erosion and, in providing a similar list 
to that of King (1972), also added biological action and sub-aerial 
processes such as weathering, ice wedging and rain wash.
McGreal (1977) ranked in hierarchial fashion the processes 
operating to produce recession on a glacial drift coastline in County 
Down, Northern Ireland.






McGreal (1977) drew particular attention to the modes of cliff 
failure and discussed stability relationships Involving angle height 
relationships for the slopes and their geotechnical properties.
Clarke (1979) and Davies(1980) listed the following six processes 
that amplified the four given by King (1972).
(i) quarrying by wave action on loose rock
(ii) abrasion: wave induced currents moving sand and
shingle against the cliff face
(iii) water layer weathering: more relevant to shore platform
erosion than cliff erosion
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(iv) solution of calcareous rock
(v) rock weathering
(vi) bio erosion.
Qnery and Kuhn (1980) included most of the above processes but 
added the human factor, be it minor, for example, erosion by human feet, 
or major, as in mass movement due to shorefront construction. Man's 
influence on marine erosion has also been emphasised by Williams and 
Davies (1980) in their study of remedial cliff blasting at Llantwit 
Major in South Wales.
2.3 Historical assessment of recession rates
Studies of particular sections of coast have provided an historical 
assessment of recession rates from which processes have often been 
inferred. Greatest rates of erosion have been recorded from areas 
where active clifflines are formed in unconsolidated material. This 
approach is invariably subjective and can sometimes lead to erroneous 
conclusions of both rates and processes. Some examples of this approach, 
with salient points, are listed below by geographical location.
North Yorkshire
Agar (1960) examined the length of North Yorkshire coast from the 
Tees estuary to Ravenscar for physical evidence of changes which have 
occurred in the past 10,000 years. The present rates of erosion were 
established by comparison of the 1892 1:2500 O.S map with special 
resurveys at selected points. The average cliff foot rate was U.88m/ 
century and the cliff top rate was 2.13m/century indicating a steepening 
of the cliffs. More rapid erosion was measured for the areas of glacial 
drift (28£Wcentury) than for those of solid rock.
Agar (1960) was concerned with cliff recession in relation to 
lithology and arranged the rocks in order of decreasing resistance as 
follows - sandstones, sandy shales, boulder clays, sands and gravels.
Robinson (1976,1977) made some successful measurements of the rate 
of erosion of cliffs and adjacent wave-cut platform, the latter by means 
of a micro-erosion meter developed by High and Hanna (1970). Using this 
device he found that corrosion was the main erosion process on the
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platform ramp and rates varied between 3-94 x 10 -* cm per tide and 
1.13 x 10 cm per tide depending on wave energy and the depth of 
overlying beach material. Robinson (1976, 1977) noted that cliff 
erosion was between 15 and 18 times faster on cliffs fronted by a 
beach which contradicted the efficiency of the beach as an energy 
dissipator as proposed by most other coastal workers.
Robinsonfe interpretation of the evolution of this part of the 
Yorkshire coast also differed considerably from Agar's (1960) possibly 
because the latter did not fully consider the isostatic movements which 
have taken place during and since the Ice Age.
North Humberside
On the Holderness coast Valentin (1954) compared ground measurements 
with those obtained from 1852 1:10,560 scale O.S maps to obtain retreat 
rates over a 100 year period.
While the average rate has been about 1.8m/yr, Valentin's work 
showed great variation of erosion rates along this coast which seemed 
to bear little relationship to cliff height but more to the variation 
in drift material type forming the cliffs and to the position of coastal 
defences which resulted in a considerable increase immediately down- 
drift .
Pringle (1981), on the same coastline, correlated phases of 
accelerated cliff erosion with the presence of low beach in the south - 
ward drifting beach system, emphasising the fact that deposited beach 
material on the backshore serves to protect the base of cliffs from 
direct wave attack, storm wave energy being expended upon the beach.
East Anglia
Cambers (1975) applied the classic concept of scale in geomorphology 
as proposed by Schumm and Lichty (1965), to three coastal cliff erosion 
systems on the east coast of England. The areas studied were all lengths 
of unconsolidated Quaternary cliffs, two of which are in Norfolk and 
Suffolk, the third the Holderness cliffs in Yorkshire.
The systems were described in terms of location, dominant processes 
and erosion rates. Retreat rates were measured over a 70 to 100 year 
period by comparison to the 1:10,560 (6 inches to 1 mile) Ordnance Survey 
maps. For Norfolk, map comparison provided a retreat rate from 1880 to 
1946, brought up to date (1967) using aerial photographs to plot the
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cliff top position. Similarly for Suffolk, map comparison gave the 
retreat rate over a 70 year period. For Holderness, Valentin's (1954) 
data were used (see North Humberside).
"The existence of dynamic equilibrium conditions was emphasized and 
the relative importance of the catastrophic and moderate storm event 
was discussed and shown to be a function of the time scale under 
consideration.
Suffolk
Williams (1956) recorded 12m of recession on cliffs of glacial sand 
12m high and 27m recession on cliffs 3m high on a mile long sector of 
the Suffolk coast at Covehithe during the famous 1952 storm surge,when 
the loss of material in a 24 hour period was estimated at some 300,000 
tonnes. This is an extreme example of very destructive waves with an 
abnormally high water level acting on unconsolidated cliffs.
Because of the intermittancy of such extreme events, and lateral 
variations in their effects, average rates of cliff retreat can be 
extremely misleading. It is interesting to note that this very high loss 
in the Covehithe area compared with a relatively low loss near Dunwich, 
an area which has suffered so much historically. This further emphasised 
the vaguaries of temporal and spatial variation in coastline erosion.
Near the same location, measurements by Durbridge (Steers et al., 
1979) showed that 9m of cliff disappeared between 19 March 1977 and 11 
March 1978, most of this being attributed to the storm surge of 11 
January 1978. During 1979-1980 erosion was less marked (4.6m) and 
appears to have shifted southwards.
The cliffs hereabouts are not prone to sub-aerial erosion in that 
they give rise neither to landslides nor to flowing but yield in local 
small falls and more or less continous crumbling.
Sussex
May (1977), from an analysis of 6 monthly surveys of the cliff 
top made by Hailsham R.D.C, measured an average yearly rate of 
recession of chalk cliffs at Birling Gap between 1950 and 1962 of
p
1m. This represented an areal loss of 3264m over 12 years, 97% of
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which was removed in winter periods and 42% in two particularly 
severe winters. This not only emphasises the severity of winter 
storm waves but also suggests that severe falls produce a great 
deal of debris which, for a limited time, forms a defence of the 
cliff foot.
Northern Ireland
Long-term evidence from map sources suggest mean annual retreat 
rates of between 0.21 and 0.8Um/year in sediments of glacial origin 
near Kilkeel, County Down (McGreal, 1979). Spatial variations in 
these rates were considered to be independent of environmental 
conditions and were instead a function of site, beach and geotechnical 
factors.
Temporal variations (particularly the cohesive strength of the 
deposits) in rates were largely explained by changes in beach-profile 
level and by the presence or absence of protective toe structures.
Isle of Man
Erosion problems along the northern coast of the Isle of Man have 
been investigated by Joliffe (1980). Lengthy stretches of glacial till 
cliffs between Gob-ny-Creggan in the west and Gob-ny-Rona in the east 
are eroding, notably where the higher Bride Hills are being truncated. 
Classic sub-aerial/marine cliff retreat is accompanied by a variable 
coastal sediment budget, such that a general pattern of coastal erosion 
and accretion tends to be obscured by a shifting pattern of sediment 
distribution.
Cliff erosion, beach form and offshore conditions are considered 
to be closely interrelated and,as this coastline is virtually unmodified 
in terms of conventional protection works and is a unified dynamic 
coastal system within itself,Joliffe (1980) has suggested that any 
physical intrusion would have an adverse affect.
2.4 Model Analysis
One of the few attempts to measure both the erosive process and the 
rates of cliff recession so that a true quantitative model could be 
prepared is the series of studies by Sunamura and Horikawa (1969,1971),
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A model for predicting the rate of short-term bluff recession was 
derived from wave-tank experiments. Two major factors were considered 
- the attacking force of the waves at the foot of cliffs and the 
resisting force of the cliff material. Other important factors such as 
water-level fluctuations (Kolberg, 197^; Birkmeier, 1980) and the amount 
of beach material at the cliff base (Robinson,1977;McGreal,1979) were 
ignored.
On the basis of these wave-tank experiments the following 
relationship was established by Sunamura (1977,p6l3).
dx
  c* Fj
dt
where dx/ ,. = erosion rate, F = erosive force of waves which was 
defined as being proportional to In (fw/fr) where fw = attacking force 
of the waves and fr = resisting force of cliff forming material.
Due to the complexity of the phenomena involved and the difficulty 
of measurement, no suitable quantitative index for fw has yet been 
determined in actual field situations although the shock pressure due 
to breaking waves has been the subject of numerous investigations, 
notably by Mitsuyasu (1967), who has described a laboratory method 
using pressure gauges of very high frequency.
Similarly, although the cliff resisting force fr is principally 
a reflection of the mechanical strength, this in turn for rock is 
related to the complexities of geologic discontinuities such as 
jointing, faulting and stratifications and for other soils to 
particle size distribution, density and fabric.
Strength could be expressed in terms of compressive, tensile or 
shear strengths but since these indices are closely related and not 
independant of one another, any one could be considered representative. 
By relating fw and fr to wave height at the cliff base and to the 
compressive strength of the cliff material respectively, Sunamura 
(1982) reduced the previous equation to
dx
  = k (c + In IgH )
dt Sc
where H is the wave height at the height of the cliff base, SG is 
the compressive strength of the cliff-forming material, f is the density 
of water, g is the gravitational acceleration, c is a non-dimensional
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constant and k is a constant with units of [lt~ ].
By applying this model to two eroding Tertiary cliffs on the 
Pacific Coast of Japan where data was available for erosion rates, 
material strength and wave climate, Sunamura (1982) showed that only 
the larger but rarer waves caused cliff erosion and that the erosion 
rate at each site was greatly affected by the frequency of occurrence 
of waves higher than a certain critical height.
This form of modelling is important in that it can predict in 
quantitative terms the time and scale of geomorphic events. It is 
flexible in that many sites and conditions may be modelled, the main 
disadvantage being that such models often require considerable time to 
set up, can be expensive and are subject to serious problems of scale 
(Kamphuis, 1975). Uncertainties also remain about the validity of 
results obtained from any modelling procedure for, as Pitty (1982,p59) 
has suggested, "artificialities do limit the applicability of any 
findings to natural situations".
A more efficient approach to the monitoring of coastal systems 
appears to be numerical modelling, which utilises the speed and 
flexibility of computers to assess the impact of wave activity 
over large sections of shoreline. Computer modelling of wave refraction 
began in the mid-1960's (Wilson, 1966; Dobson, 1967) and the technique 
has been widely used and developed by many researchers for large-scale 
investigations into predicting variations in wave power and consequently 
the variations in erosion or erosive potential, along a coastline.
The concept of littoral sediment cells existing longshore was 
developed by May and Tanner (1973) in their 'abc....' model and new 
combined refraction - morphogenetic models have been developed in the 
late 1970's (Noda et al, 1974, Shian and Wang, 1977, Felder and Fisher, 
1978 and Dalrymple et al, 1980) which attempt to use wave information 
obtained from wave refraction analysis as the input to multi-dimensional 
models of beach and foreshore.
Whilst these later models may be much finer detailed, it is the 
wave refraction model of May (197^),combined with beach sediment 
movement, which is arguably the most successful and has been used by 
numerous workers - Goldsmith, (1976), to establish critical links
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between continental shelf hydraulics and shoreline processes; Greenwood 
and McGillivray (1978), in modelling the littoral drift system in the 
Toronto area of Lake Ontario; Davidson-Arnott and Pollard (1980) to 
identify potential sediment transport patterns in Nottawasage Bay, 
Ontario; Lowry and Carter (1982) to delimit littoral power cells on 
the barrier coast of southern County Wexford; and Bowden and Orford 
(1984) to establish residual sediment cells on the coastline of the Ards 
peninsula, Northern Ireland. In the latter study, results showed that 
a 30km section of the Ards Peninsula, County Down, was dominated by 
eight major cells each one associated with an ordered change from 
net erosion to net deposition of beach sediments. Comparison of this 
theoretical pattern with the actual observed erosion and deposition 
showed first order agreement, any discrepancies being accountable.
2.5 Geotechnical aspects of coastal erosion
The character of any coastal form is dependant on the material of 
which it is composed yet relatively few research projects have used 
material as their major point of focus. It is the practising civil 
engineer who has contributed most in this field, and most work has 
been confined to failures in non-glacial clays.
In the U.K., Ward (1962) recognised four different forms of 
landslip movement in cliffs formed from the weaker sedimentary strata 
along the east and south coasts - rock falls in chalk caused by frost 
action and undermining; shallow surface slides in stiff-fissured clays, 
boulder clays, sands and gravels; deep-seated rotational slips in 
clays, involving shore upheaval; and slips brought about by internal 
water erosion of fine sands interbedded with clays. Zenkovitch (1967) 
also recognised the importance of sub-aerial processes, especially 
landslide activity, as major processes in coastal recession of the 
Odessa coast of the Black Sea, where retreat rates of 1m/yr~ were 
recorded in cliff sections of Pontic clays, shell limestones, 
Qua ternary clays and loess.
Kazi and Knill (1969) analysed the geotechnical properties of the 
Cromer Till between Happisburgh and Cromer in Norfolk to explain the 
various processes with included tensile block failures, active mudflows 
and deep-seated,non-circular slips.
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In the Gault clays of Folkstone Warren, Hutchinson (1969) identified 
two main types of failure - large multiple rotational landslides (type M) 
and smaller failures of a rotational character (type R) - as well as a 
third failure mechanism in sliding or falling of large masses of chalk.
From a study of differing rates of erosion in London Clay cliffs 
bordering the Thames estuary, Hutchinson (1973) examined the influence 
of the one major variation between the cliffs - the intensity of marine 
erosion at their toe. He distinguished three strongly contrasting modes 
of behaviour:
Type 1, where the rate of marine erosion is broadly in balance with the
rate of weathering: 
Type 2, where the rate of erosion is more rapid than the rate of
weathering, and 
Type 3, where the rate of erosion is zero.
Hutchinson (1976) also described landsliding in cliffs of Pleistocene 
deposits on the Norfolk coast between Cromer and Overstrand where he 
attempted to relate the observed mass movements in the cliffs to their 
geology, hydrogeology, geotechnical characteristics and exposure to 
marine erosion.
Hutchinson's (1973) classification scheme and associated concepts 
have been applied to eroding coastal slopes in other types of 
overconsolidated sediments. Recent geomorphological investigations in 
Denmark and Northern France (Prior, 1973,1977; Prior and Eve 1975; 
Prior and Renwick 1980) have revealed the presence of excellent examples 
of Type 1 coastlines. These are developed upon Eocene "plastic" 
clays in Denmark and on very active slopes in Jurassic clays in 
Normandy, France.
Increased erosion of coastal bluffs along the Great Lakes of 
Canada/USA has resulted in much recent research work by planners and 
engineers, with a need for concise geotechnical classification. Bluff 
erosion results from the complex interaction of nearshore hydraulic 
conditions and the credibility and instability of bluff materials. 
Quigley and Gelinas (1976) have described the soil mechanics aspects 
of shoreline erosion in general terms using examples from the literature
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and from current studies of till bluffs along the north shore of Lake 
Erie. They categorised three major morphological types of slope retreat 
and demonstrated the validity of Hutchinson's evolutionary sequence of 
Type 2 cliffs. In an integrated programme of field and laboratory 
investigation of six active bluffs along the western shore of Lake 
Michigan, Edil and Vallejo (1977) concluded that the most important 
processes in initiating slope retreat are toe erosion by wave action and 
physical degradation on the slope face. These processes, in turn, trigger 
rotational slides, solifluction and mud flows which modify the slope 
geometry and eventually cause the retreat of the bluff top.
Edil and Haas (1980) determined the geotechnical properties of Lake 
Michigan bluff materials, which include glacial tills, and related 
these to the failure phenomena seen in the bluffs. Two criteria 
proposed by Edil and Haas (1980) - the unstable circle and the 
critical circle method of analyses - were utilised from Leary's (1970) 
computer programme analysis of some hundred bluff profiles.
In response to demands on various levels of government for some 
long-term solution to the problems of erosion ( in the Canadian Great 
Lakes) there have been numerous studies of rates of shoreline recession 
(eg. Bird and Armstrong, 1970; Boulden, 1975; Carter and Guy, 1980; 
Buckler, 1981), and of the processes operating on the bluffs (eg. 
Quigley et al, 1977; Edil and Vallejo., 1980; Bryan and Price, 1980). 
Quigley and Zeman's (1980) paper reviewed the hydraulic and geotechnical 
controls that most affect instability and erosion rates and made 
recommendations with respect to shore-line mapping strategy.
Foreshore erosion by wave action has been proposed by Philpott 
(1984) as the controlling process in bluff erosion, rather than direct 
wave attack on the toe as implied by Sunamura (1983).
Kamphuis (1987) has also explained the recession of glacial till 
shorelines along Lake Erie in terms of wave-foreshore interaction, the 
controlling factor being primarily the foreshore erosion rate. He 
derived a theoretical expression based on many simplifying assumptions 
and also by analogy with earlier longshore sediment transport research, 
which stated that recession rate should be proportional to incident 
wave power to the exponent 1.4
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However it would appear that along much of the Great Lakes the 
foreshore is geotechnically closely related to the lower layers of 
the bluff and is normally covered with only small amounts of sand 
and gravel in discontinuous thin deposits. The reaction of both 
foreshore and toe to wave action are therefore inevitably closely 
related.
It follows from this brief survey of the literature that the 
emphasis of research into coastal erosion has moved from the descriptive, 
qualitative approach into a more quantitative modelling of the erosive 
process.
The aspect of coastal slopes which has received most attention is 
the erosion of basal segments which is only one part of the interaction 
between processes that are responsible for cliff form and recession. 
Whereas the complexities of the coastal system may still defy exact 
description and full understanding, geomorphological research is becoming 




THE EVOLUTION AND ERQSIONAL HISTORY OF THE SOUTH CARDIGAN
BAY COASTLINE
3.1. Physical setting
The study area lies to the south of Cardigan Bay on the west coast 
of Wales and encompasses the 20km of coastline between the village 
of Llanrhystud (GR 530699) in the north and the seaside resort of New 
Quay (GR 390600) in the south. Fig 3.1.
In plan form the coastline shows a series of open crenulate shaped 
bays opening towards the west or north-west. The alignment of the coast- 
line is essentially S.W - N.E and the influence of wind on wave and 
tidal activity is therefore limited as, with the exception of a 12° 
arc opening to the Atlantic Ocean in a W.S.W. direction, all waves are 
generated internally in Cardigan Bay and St. George's Channel (Fig 3.2).
3.2. Structural geology
The uniform sweep of the coastline of Cardigan Bay is principally 
a reflection of .its parallelism with the Caledonian strike of the rocks 
(George, 1975). The late-Palaeozoic era in Wales culminated in the 
Caledonian earth movements which produced the Teifi anticline running 
N.E - S.W across Central Wales and the coastal syncline to the west. 
On a local scale this massive uplift left the rocks considerably 
folded and shattered with implications for their resistance to erosion 
and weathering.
Most of the area is dominated by cliffs of the Aberystwyth Grits of 
upper Llandoverian age which provide spectacular rock-exposures along 
the coast. The grits form a crescent-shaped outcrop extending for some 
40km from north of Aberystywth to 6km south of New Quay (Fig 3.3). 
The maximum outcrop width is about 12km. They have been described by 
Wood and Smith (1958) as a typical turbidite series with a characteristic 
lithology of rapidly alternating bands of hard, fine-grained sandstones 
or siltstones (greywackes) and softer, rudely cleaved mudstones.
Ramsay (1846) was interested in the general seaward inclination of 
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FIG 3-2. Location of study area within Cardigan Bay showing
fetch rose
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plain was "bounded by distant inland hills, easily comparable to many 
an existing line of lofty coast". Keeping (1881) extended Ramsay's 
observations, recognising the existence of two denudation surfaces in 
Cardiganshire, a concept elaborated by Jones (1911) who named them the 
High Plateau and the Coastal Plateau.
Wood (1959) has described this coastal platform, which is 122 - 
183m above sea level and rises gently inland, as being the remains of 
cliffs cut by marine erosion and degraded by sub-aerial weathering 
at several times in the past.
3-3 Quaternary geology
Williams (1927) was the first to give a concerted description of the 
drift deposits of the coastal 'region of Cardiganshire although Keeping 
(1882) made some observations on the glaciation of Central Wales in 
general while Jehu (19®4) made reference to the drifts of Western 
Cardiganshire. In his paper, Williams (1927) attempted to show the 
relationships which existed, during the glacial period, between the 
local Welsh Ice and Irish Sea ice-sheet.
The limit of upper Devensian glaciation in Wales had been established 
by Charlesworth (1929), (Fig 3.4), who described his limit as 'conjectural' 
(p 3^4) due to the weakness of the field evidence. Wirtz (1953) accepted 
the evidence for local ice in northwest Wales and drew an eastern limit 
to the Irish Sea Ice running from near Criccieth in Lleyn across 
Cardigan Bay to near Cardigan (Fig 3.4). Subsequently Mitchell (1960) 
and Synge (1964, 1970) put the southern limit of the Irish Sea ice in 
the east glaciation on the north coast of the Lleyn Peninsula, 
aligning all drifts in Cardigan Bay to older glaciations. More recently 
Mitchell (1972) revised his opinion accepting the Wirtz interpretation.
John (1970), partly on the basis of radiocarbon dating, proposed 
that ice covered all of the area shown on Fig 3-4. Bowen (1973a), 
however, has moved Charlesworth's limit southward (Fig 3.4 again) to 
take cognizance of later re-mapping work.
An investigation conducted between 1970 and 1974 by the Institute 
of Geological Sciences together with the Department of Geography, 







FIG. 3-3. Geological map of north Cardiganshire
(principally after 0. T. Jones)
FIG. 3.4. The west coast of mid Wales snowing proposed 
ice limits for the last glaciation 
(after Watson, 1977).
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of Quaternary sediments to the South Irish Sea.
The sequence of events has been described by Garrard (1977). In 
the Devensian the South Irish Sea became glaciated by a large 
continental ice sheet flowing southwards from Scotland towards the 
southern entrance to St. Georges Channel. Local ice was restricted 
to the peripheral area only (Fig. 3.5). Ice movement southwards was 
restricted by physical features such as the Lleyn Peninsula and West 
Pembrokeshire. Welsh Ice, in the form of local piedmont glaciers, 
fanned out from the mountains of north and central Wales onto the 
old sea floor of Cardigan Bay before the arrival of Irish Sea - a fact 
borne out by the stratigraphic position of their assorted sediments.
On land, the junction between Welsh and Irish Sea glacial drifts 
appears to be near Llanina, between New Quay and Cei Bach bays. The 
coastal area to the south west was once covered by Irish sea ice while 
the local Welsh drifts to the north have been the subject of much 
contention as to their origin.
At Morfa Bychan, north of Llanrhystud, three units of head occur at 
the base of an unusually high and steep coastal slope. The middle unit, 
a clay-rich deposit containing striated stones, has been considered by 
Watson and Watson (1967) to be almost exclusively perielacial of 
Wolstonian (Riss) age. Wood's (1959) interpretation, that it was boulder 
clay redistributed by solifluction at the close of the last glacial 
period, has been held more likely by Bowen (1973a, p2l8) in view of the 
"steep coastal slope which would have readily promoted slipping of 
unconsolidated glacial drift".
Similar deposits at the base of the steep coastal slope at Aberarth, 
believed to be head by Watson and Watson (1967) have been interpreted 
as glacial by Mitchell (1972) as they had previously by Williams (1927).
3.4 Geomorphology
As the physical characteristics of the cliff material exposed 
along the coast forms an integral part of the present study, it is 
considered necessary to describe in some detail the morphology of 






































































purpose the coastal region can be conveniently divided into five 
sections indicated in Fig 3 -1.
Along approximately 2km of the shoreline, erosion is conterbalanced 
by coastal protection structures in the form of sea walls, riprap 
barriers and revetment works together with some beach restoration 
and nourishment. The remainder of the section is about one-third 
hard-rock cliff and two-thirds embayed or backed by a coastal platform.
Generally the hard-rock cliffs are from 15 to 25m high but within 
the two low-lying embayments cut into the Coastal Plateau at Llanon 
and Aberarth exposed faces of glacial sediments are no more than 3 to 
Urn maximum in height. It is arguable therefore whether the latter can 
be classified as cliffs in the true sense of the word.
The Oxford English Dictionary defines a cliff as "a perpendicular 
or steep face of rock of considerable height......" or, in modern use,
".... a perpendicular face of rock on the sea shore". What is perhaps
confusing is the range of scale of true coastal cliffs. Pethick (1984) 
has contrasted the 600m black lava cliffs of Tenerife with the 0.5m 
high cliffs cut into salt marshes in Western France, but, since both are 
vertical, or near vertical, faces cut by marine erosion, he has 
considered that a sea cliff should be regarded as a relative landform 
which can be defined as a marked break in slope between hinterland and 
shore.
3.4.1 Llanrhystud - Morfa Mawr
To the south-west of Llanrhystud, the coastal platform gives way to 
the first of two low-lying boulder clay platforms. The villages of Llanon 
and Llanrhystud are situated on this platform which is generally below 
the 30m (100ft) contour, some 6km long and rather more than 800m wide.
The coastal bevel described by Wood (1959) is prominent (Plate 3.1), 
its lower margin lying at some 15m O.D while below it the surface of the 
boulder clay platform declines seawards to below high water mark. Near 
Llanrhystud a storm beach seperates the agricultural land from the sea, 
extending south from the mouth of the River Wyre for some 2km (Plate 3-2),
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PLATE 3.1 Llanrhystud north beach
Profile 1 is at concrete ramp in foreground
PLATE 3.2 Llanrhystud storm ridge (Jan 
showing overwash
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To the south of the storm ridge low-lying cliffs of clast-dominated 
till material form the first of several minor headlands which is 
probably the result of an old fan structure laid down by the river 
Peris. These till deposits are continuously exposed in low coastal 
cliffs (3-4m in height) for the next 3km.
Watson (1968) has attributed a periglacial origin for these 
embayment sediments, being the result of the solifluction of head 
slope material during the Weichsel. For some 600m to the north and 
400m to the south of the river Clydan the cliff face is 3.5 to 4.5m 
high and shows typical periglacial structures of well-developed 
involutions and vertical stones. Coarse fluvial gravels have been 
deposited around the mouths of the two rivers, becoming thinner 
and finer to the north and south, the greatest thickness being 
just north of the Peris (Plate 3.3).
3.4.2. Morfa - Aberarth
High cliffs of solid rock separate the Llanrhystud platform from 
the Aberaeron platform. The coastal bevel described by Wood (1959) 
and sloping at some 32 , is transected by nearly vertical sea cliffs 
of the Aberystwyth Grits (Plate 3.4).
The cliffs have a seaward slope of 77 - 88° and rise to a height 
of some 25m O.D. at the base of the coastal bevel. The strike of the 
beds is nearly parallel to the coast and they dip at 27° inland.
North of Aberaeron the cliff base is occupied by steep banks of 
boulder clay. Two different deposits are discernible in this section. 
Williams (1927) defined a buff-coloured lower boulder clay overlain 
by drift very similar to that which constitutes the greater part of the 
Llanrhystud platform. Fine earth pillars have been formed by surface 
water running down the rock/clay interface and dissecting the boulder 
clay lying on it (Plate 3-5).
3.4.3. Aberarth - Aberaeron
The 3km of coast between Aberarth and Aberaeron is formed by 
another conspicuous remnant of the drift platform. The average width 
of the platform is about 400m and slopes gently towards the sea from
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PLATE 3.3 5m high vertical cliffs of till at 
the mouth of the river Peris
PLATE 3.4 Coastal bevel and cliffs of the Aberystwyth 
Grits near Morfa
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its inland boundary, which coincides approximately with the 100ft (30m) 
contour line.
The best exposures of the drift are seen in cliff sections immediately 
south of the groynes and recent revetment works at the mouth of the river 
Arth (Plate 3.6). Here the deposits, which are clast-dominated attain 
a thickness of 5m above present beach level. However, elsewhere along 
this section the cliffs are never this high and in places around the 
Aberaeron headland the low cliffs are completely obscured and overriden 
by shingle and artifical fill. (Plate 3.7).
3.4.4. Aberaeron - Cei Bach
South of Aberaeron the coastal bevel swings seaward at Pen-y-Gloyn 
headland (Plate 3-8) before, some 400m to the south-west, the solid 
rock goes behind boulder clay slopes which continue as far as Cwm 
Cilfforch.
The most important exposures of glacial material within this 
section occur at the mouth of the Afon Cwinten at Gilfach-yr-Halen 
where this latter stream has carved a channel through the glacial 
deposits, nearly 30m deep (Plate 3-9).
There is a further small pocket of boulder clay in the cliffs 
on the south side of the mouth of the Afon Drowy but otherwise 
this section shows the high castellated cliffs and slopes typical 
of the Ceredigion coast as a whole.
3.4.5. Cei Bach - New- "Quay
The solid rock cliffs capped by the coastal bevel curves around 
behind the boulder clay of Cei Bach and New Quay bays to form the 
slope behind New Quay itself. The boulder clay forms a fairly high, 
irregular platform, in some places over 400m wide, and is exposed 
at the base of the cliffs along practically the whole length of the 
two bays (Plate 3.10).
In Cei Bach bay the low cliff sections are very much overgrown 
and disturbed by old landslides (Plate 3.11). The clay is generally 
homogenous and unstratified, buff-coloured, often distinctly mottled 
with large irregular blotches.
PLATE 3.5 Aerial view of glacial deposits north of 
Aberarth showing extensive gullying
PLATE 3.6 Glacial deposits south of Aberarth
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PLATE 3.7 Coastal protection works at Aberaeron 
north beach
PLATE 3.8 Aberaeron south beach and Pen-y~Gloyn 
headland
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PLATE 3.10 Boulder clay cliffs at the eastern end of 
New Quay Bay
PLATE 3.11 Low cliff sections and groyne system at 
Cei Bach
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Hie clay at the western end of New Quay bay is a coherent deposit 
of boulders, often striated, in a bluish grey clay matrix and is exposed 
in cliff sections some 25m high (Plate 3.12). Near the lifeboat station 
at New Quay this boulder clay overlaps and comes to rest on a shattered 
surface of the local rock.
3.5 Offshore morphology
Perspective views of the bathymetry of the area are shown in Figs
3.6 and 3.7. Of note is the deep water 'trawling ground 1 which runs 
the whole length of this stretch of coast at a depth of greater than 
10 fathoms. According to Jones (1971) the shoreward slope sediment 
of the trawling ground is composed of poorly sorted coarse gravel which 
suggests it acts as a sediment trap for fine sand and coarse silt.
The 6,3 and 1 fathom lines all follow the trend of the coast 
interrupted by headlands such as Pen-y-Gloyn and features such as 
Cadwgan reef, which is a morphological continuation of the 
Llansantffraid fan axial line extending some 2 to 3km offshore.
The offshore area largely consists of loose stones which are 
moved around by wave action to give a continuous change in the 
morphological features. Renowned in Cardigan Bay, and complicating 
the submarine topography, are the 'Sarns' which extend roughly normal 
from the shore as ridges of boulders, cobbles and pebbles. They are 
considered to be the most prominent morphological features to remain 
from the Devensian episode of glaciation, and represent the maximum 
lateral extent of the local Welsh glaciers. Subsequently western 
extensions of:the sarns became truncated by the Irish Sea Ice, which 
incorporated and removed Welsh morainic material along its contact.
The ones within the study area are the smallest of the five sarns 
in Cardigan Bay, Sarn Dewi off Aberarth is only about 400m long while 
Sarn Cadwgan, a mile further south is about 1.5km long.
The nature of the heavily clasted till material which has given 
rise to the extensive area of loose stones offshore has also produced 
the beach material. Beaches front virtually all the sections of glacial 
till. They are generally wide (>30m) and,apart from the sand beaches of 
New Quay and Cei Bach^consist primarily of shingle although there are
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Figures 3-6 &3-7; Perspective vie.vs of the bathymetry between Llanrhystyd




pocket beaches of sand in the larger embayments at Llanrhystud and 
Llanon.
3.6 Erosional history of the south Cardigan Bay coastline
3.6.1. Extent of post-glacial marine erosion
Wood (1959) has suggested that the post-glacial rise of sea level 
continuously renewed marine attack on the boulder clay spreads of the 
Cardigan Bay area and,by a combination of successive erosion and 
drowning of the margins, the sea advanced inland probably several 
kilometres. Haynes et al (1977) have shown that sea level was some 22m 
below O.D. about 8700 years ago.
Although there seems to have been only a minimal relative submergence 
between land and sea along western coasts during the past 6,000 years, 
there has been oscillation above and below its present level 
(Fairbridge, 1961).
Tooley (1979) indicated the importance of secular changes of sea- 
level surface in the coastal erosion of low-lying cliffs formed of 
unconsolidated sediments. The important aspect of this changing sea 
level, with reference to the Cardigan Bay coastline, has been the 
exposure of successive areas of the boulder clay cliffs to wave action 
in and near to the breaker zone.
In areas of stiff boulder clay, if the present slopes are projected 
seawards, the amount of erosion since the sea attained its present 
level is several hundred metres. In other areas no erosion has 
occurred at all, as at Trenewydd Fach and near Llanrhystud, where the 
drift surface falls below present high-water mark.
3.6.2. Coastal erosion during historic times
Records of early coast erosion are fragmentary. Evidence for the 
loss of some coastland has been suggested by Ptolemy's map of the second 
century. The existence of a former extension of land in Cardigan Bay 
has been popularised by the legend of Cantre'r Gwaelod, the traditional 
account being that the present-day Cardigan Bay as far as Sarn Cynfelin 
once constituted an extensive low-lying plain known as Cantre'r 
Gwaelod which was overwhelmed by the tide with the help of favourable
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gales through the negligence of a drunken gate-keeper who did not 
close the floodgates of the embankment.
The first record of the inundation of this land seems to be in the 
Black Book of Carmarthen which belongs to the early twelfth century,while 
Meyrick's (1810) History of Cardiganshire gives A.D 520 as the fatal year.
Much of the recession of the coast in the more recent period has 
been initiated by storms. So (1972) has listed twelve damaging ones 
in the period from 1744 to 1964 and has suggested that the record 
of thirteen storms leaving imprints on the coast in the first 65 years 
of the 20th century gives a probable future frequency of one storm 
event every five years.
3.7 Coastal changes during the last century
One means of understanding present-day erosion is to examine in 
detail, when, where and why erosional events have occurred in the past,
Although one of the aims of this study is to quantify the erosion 
process through a field investigation, this data from the study period 
must be related temporally to avoid the possibility of the data being 
a(nomalous% Thus the field investigation was supplemented and placed in 
proper prospective by an historical analysis.
3.7.1 Choice of historical technique
Of the current methods of historical analysis of shore lines, aerial 
photography is the most widely used. However, the Cardigan Bay coastline 
has not been well covered in terms of aerial surveys and certainly not 
in time span.
There was no systematic archive of information available and what 
photographs there were were almost always oblique views of poor 
definition requiring extensive correction. Scale was usually difficult 
to estimate, making accuracy poor.
Perhaps the most basic technique for continuous analysis is by 
comparison of maps or hydrographic charts which show the position 
of the shoreline. Where available, modern maps are as accurate as
field surveys, although the shoreline is not always defined in a 
systematic way and errors may occur which could be of the order of 
metres.
William Morris's classical maps of the British coastline include 
one for Aberaeron - New Quay area dated 1800. Apart from illustrating 
the headland-bay configuration it is of little value due to its small 
scale (2" = 1 mile) and obvious inaccuracy of survey.
The first Ordnance Survey maps of the Cardiganshire area were 
produced between 1809 and 1836,again on the scale of 2" = 1 mile 
and lacking sufficient detail, since which time they have produced 
four editions of 1:10,560 scale maps, starting in 1890. Parish tithe 
maps compiled around 1841 gave an useful insight into the loss of 
agricultural land for this earlier period, particularly in the 
Llansantffraid - Llanon area.
The maps selected for the measurement of long-term retreat rates 
and the ones that form the basis of this study, were the three editions 
of the large-scale 1:2500 Ordnance Survey maps of the area dated 1880, 
1905 and 1974.
Previous research workers, particularly Langfelder et al (1968), 
have shown that the mean high-water mark (MHWM) of ordinary tides is 
generally a more adequate and accurate measure of erosional trends 
than the coastline as such, and it has therefore been used as the 
indicator of the land sea interface.
Although changes over time of the mean low-water mark (MLWM) would 
appear of secondary importance and no direct relation between the high 
and low water marks has been established,it is certain that any change 
in the high-water mark over time influences that of the low water mark.
From overlays compiled from the three editions of the Ordnance 
Survey maps precise measurements of both the MHWM and MLWM were made 
every 200m along the coast (Fig 3.8). The data for the MHWM and MWLM 




























































































































3.7.2 Total change of the MHWM 1880 - 1970
Fig 3.9 shows that the coastal section as a whole has experienced 
change with almost every 200m measuring point showing either loss or 
accretion. Within the general pattern, some areas show dramatic rates 
of recession.
Some 300m east of the lifeboat station at New Quay the boulder clay 
slopes have experienced retreat of some 48m .over this period. This must 
be partly attributed to the circulation around the headland of New Quay 
itself and partly to the sub-aerial erosion of the in-situ cliff 
material. The clay appears to weather rapidly in shallow slides which 
carry the weathered material down the slope to accumulate at the toe. 
This shallow sliding of the surface layers is exacerbated by run-off 
water from above although remedial works carried out recently (1984) by 
the local authority, in the form of cut-off drains and gabions, have 
alleviated this aspect of the problem.
Significantly_, the area immediately to the north of the boulder clay 
cliffs show slight accretion for some 800m possibly as a result of 
longshore drift taking the eroded material northwards. Llanina headland 
shows some erosion while Cei Bach to the north shows sporadic recession 
of up to 20m maximum. Circulatory tide movements within the bay,together 
with the presence of numerous groynes and break-waters,tend to confuse 
the overall picture.
At the northern end of Cei Bach bay the fossil cliff line, described 
by Wood (1959) and which curves round behind the boulder clay, runs into 
the high cliffs of the Aberystwyth Grits which continue for some 3.5km 
to Aberaeron. Although some points along this section show little or 
no erosion since 1880, the mean erosion rate of 0.06m per annum would 
appear unexpectedly high, although the indentations in the coastline 
where the rivers Drywi, Gwinten and Ffos-y-ffin run into the sea may 
be partly responsible for this average.
As the coastal rock bevel curves inland just south of Aberaeron 
the south beach at Aberaeron shows a recession of some 18m in the low- 
lying drift platform. The susceptibility of this till material to
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erosion is further illustrated between Aberaeron and Aberarth where 
peaks of 31 and 60m have occurred but where coastal protection works 
at Aberaeron may have had their influence.
Immediately north of the mouth of the river at Aberarth retreat of 0.65 
m/y is recorded for the steep boulder clay cliffs where the material 
is banked up against the solid rock. Again there are revetment works 
at the mouth of the River Arth but erosion here is assisted by surface 
water running down the solid rock slope, dissecting the boulder clay 
lying on it and forming fine earth pillars.
Further to the north,where the rock surface emerges from below 
boulder clay, recent erosion has cut into it and a narrow rock platform 
is visible. Figures for this section indicate a mean recession rate of 
some 16cm per annum.
At Graig Ddu the coastal level again swings inland and encloses 
the second low-lying embayment of glacial till. No information is 
available for the coastal changes between Graig Ddu and the river Clydan 
at Llanon as no First Edition Ordnance Survey map was ever published 
for this section. From the river Clydan some 2.5km of cliffs of 
glacial drift extend around the villages of Llanon and Llansantffraid 
to Llanrhystud beach. This area shows an average erosion of some I6cms 
per annum for the study period whilst Llanrhystud storm beach to the 
north is experiencing accretion.
From the foregoing, it is apparent that considerable erosion has 
taken place along this stretch of coastline within the last century. 
Erosion has been particularly high in the two low-lying embayments 
formed of till and also those areas where boulder clay is deposited 
on and against the solid rock.
The erratic pattern of erosion exemplifies what has happened in 
other coastal areas where human intervention has affected the natural 
process, that is, where coastal protection works in the form of 
harbour walls, breakwaters and groynes exist in areas of longshore 
drift. Within the Cardigan Bay area peaks of erosion often occur 
on the lee or northerly side of these structures.
3.7.3. Total changes in MLWM
The distribution and size of beaches has clearly changed somewhat 
between 1880 and 1970. Associated with this change has been a decrease 
in beach width, as evidenced by the decrease in the length of shore 
fronted by wide (>15m) beaches.
Tfie pattern of change for the MLWM has been more extreme than that 
for the MHWM (Fig 3.10). The MLWM has advanced inland at a greater 
rate, generally resulting in a steepening of the foreshore.
Areas of greatest change are to be found in New Quay arid Cei Bach 
bays which have changed substantially in the near shore area, resulting 
in the advance of the MLWM in the latter of some 135m. It is conjecture 
as to whether this change can be attributed to coastal protection 
structures at the southern end of each of the two bays, or whether 
such embayments go through material phases of change which influence 
their stability, particularly if the natural system is interfered 
with. Tidal circulation within the two bays could also have a 
contributory effect.
North of Cei Bach the cliffed section shows fluctuations in the 
annual rate of change of the MLWM with river mouths in particular 
showing increased amounts of recession. There appears to be a 
deficit of sediment in this area resulting in either a complete lack 
of beach material or a steepening or constricting of existing beaches.
For nearly 1km north of the river mouth and harbour at Aberaeron 
the low-lying headland shows a seaward migration of the MLWM. This 
is related to an accumulation of sediment as a result of the shore 
protection works in the form of breakwaters and groynes trapping the 
longshore movement of material. Further north of this area there is 
a small advance of the MLWM. This sequence is repeated at Aberarth; 
the retreat of the MLWM is related to the backing up of sediment as 
a result of groynes fronting the village. Immediately north of the 
mouth of the river Arth, an advance of the MLWM by some 0.5m per 
year is indicated.
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The coastal stretch between Graig Ddu and Morfa Mawr is again 
without useful data due to the lack of the 1st edition 1:2,500 O.S 
map. The remainder of the section shows spatial variation in the 
changes with peaks of MLWM advance followed by little or no advance. 
Peaks of advance at Llanon and Llanrhystud correlate with sections 
of groynes immediately to the south.
The interruption of the longshore transport of sediment by the 
presence of coastal protection works along the coast is clearly 
a major control on the position of the low-and high-water marks and 
has implications for potential back-beach erosion.
3.7.4. Changes in offshore morphology
Fig 3.11 shows the simplified offshore morphology for the period 
1880 - 1970, re-drawn from the relevant Admiralty Charts for the area 
published in 1881, 1938 and 1969.
The deep-water area known as the 'trawling ground 1 has extended 
landwards in width during this period as have the 6,3 and 1 fathom lines. 
This shoreward migration of the depth contour lines has resulted in 
a gradual steepening of the nearshore area. For instance, a 1 fathom 
line, only present in 1881 around the headlands of Llansantffraid 
and Llanrhystud, has by 1938 appeared virtually all along the coast. 
Considerable change has occurred around Aberaeron where the 1 fathom 
line has emerged parallel with the shore.
This narrowing of the shallow offshore area and the increased 
steepening of the foreshore has, according to Stokes' wave theory, 
the effect of rendering deep water waves more effective for coastal 
erosion. In reality, it may not be possible to correlate localised 
areas of erosion with the steepening of the offshore area over time.
3.8. Direct measurement of rates of contemporary cliff erosion
The irregularity of the graphs in Figs 3-9 and 3-10 illustrates 
the influence of many interacting factors on coastal erosion and the 






Each point on the graph represents a positive or negative erosion 
figure for a particular site and does so for reasons which are specific 
to that site.
Differences for two points of seemingly the same cliff material in 
adjacent areas of the coastline may be due to any number of extraneous 
factors. However, the explanation of such variation must include 
examination of both variation in longshore coastal processes 
(delimitation of longterm residual sediment cells and identification 
of high and low beaches - Welsh Office report No. 2 Feb 1984) as 
well as in the examination of cliff material facies and associated 
geotechnical variation.
This study's field survey was instigated to measure the spatial 
variation in erosion, on a meso-scale (>0.3km), found along the 
thicker glaciogenic coastal units within the two embayments. Four 
survey sites were selected for the field investigation - two in 
heavily clasted material either side of the river Clydan at Llanon, 
a third in similar material immediately south of Aberarth and a 
fourth, for comparison purposes, on very shallow banks of glacial 
till at Morfa Farm headland. The position of these sites along the 
coast is shown in Figs 3-12a and 3-12b.
It is very difficult to analyse local or small-scale changes 
to any degree of accuracy without much more detailed information. 
This information was obtained through a short-term (125 week maximum 
period) survey of these specific sites by direct measurement from 
fixed reference points.
Suitable datum points included pegs driven into the ground or, 
where available, prominent natural features such as walls and fences. 
The use of pegs, outlined by Brunsden (1974), is a very simple 
technique requiring little explanation. Measurements were taken 
approximately every 3 months and, where practicable, immediately 
after a succession of storm events. A summary of contemporary 
























































































































































































































































































Site A covers the section of coastline between the rivers Peris and 
Clydan which consists of uniform cliffs of clast-dominated till some 
3 to 4 metres high. Erosion is particularly severe at the southern 
end near the permanent caravan site where a retreat of 1.46m was
recorded at one point for the winter months of 1984/5. The problemr~-
here is borne out by the local landowner who can recall two separate 
incidents during the last decade where 2m sections of land were lost 
as a result of single January storm events. Mean annual recession rate 
for this section of 12.4cms compares with a rate of I6.3cms per annum 
for the 90 year period.
South of the river Clydan, Site B, on almost identical cliffs, 
recorded a mean figure of 25.1 cms per annum for the 30 month period. 
The consistent degree of erosion along this 400m length is indicated 
by the maximum recorded figure of 10?cms representing only 2.8% of 
the total erosion.
Site C at Morfa Farm represents the only headland chosen in the study. 
It appears that little erosion has been taking place as the platform 
slopes down to almost beach level giving only a shallow 1.2m face of till. 
The mean value of 7-5cms represented 28.4% of the total erosion for the 
15 month period.
Site D is the only site representing the Aberarth - Aberaeron 
embayment and entails some 450m of relatively high (>4m) cliffline south 
of the revetment works at the mouth of the River Arth. Plates 3.13 and 
3.14 illustrate typical failures and collapses along these cliffs.
There is clearly a distinct change in material facies along this 
section as indicated by the differing annual retreat rates. The higher 
cliffs of clast-dominated till nearest Aberarth appear relatively stable 
and show mean erosion of only 6.8cms per annum. Further towards the 
Aberaeron headland the cliffs reduce in height and the in-situ material 
becomes more clayey. Figures for this 120m section confirm an increased 
rate of erosion of I6.8cms per year.
Although quite reliable estimates of erosion have been possible over 
a period of 30 months from datum pegs, it must be stressed that they 
give little indication of the precise timing of movement which is
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PLATE 3.14 View from cliff top of individual failure at 
chng. 89 + 50 ( 14.4.84 )
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important in showing relationships between the erosion process and 
external factors.
Climate and tidal factors are obviously of importance, as are 
beach morphology and variation in cliff material characteristics. 
These will be considered in later chapters.
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CHAPTER 4 
CLIMATIC AND TIDAL INFLUENCES
4.1 Introduction
Temporal and spatial variations in erosion rates can often be 
explained by differences in environmental energy input. Tides, 
waves and currents are all processes which individually or by inter­ 
action produce, an energy input which can form or modify the coastline.
Wind-generated surface waves are the principal source of input 
energy into the littoral zone and are mainly responsible for erosion 
of the coast and for the formation of depositional beach features 
(Komar, 1976). Perhaps an even more significant type of wave, and one 
which is seldom seen as such, is the tide. Whilst the range of tides 
in mid-ocean is small, only some 50cm, they increase in height as they 
reach the comparatively shallow waters of the continental shelf and 
particularly within the confines of the Irish Sea and along the embayments 
on the Welsh coast, where the associated tidal currents may also be 
increased.
Perhaps in the past undue prominence has been given to the effect 
of wind waves and tidal currents on coastal iandforms and only 
recently has the importance of tidal range been emphasised (Hayes,1975). 
Certainly a tidal range coupled with a wave length of say 1000km 
and a crest velocity of 80km per hour means that huge volumes of water 
shift position at the coast twice each day and enormous amounts of 
energy are expended. While most of this energy is dissipated in 
internal friction, the coastline does adjust to these changes in tidal 
levels.
In this chapter the result of observations and data on these 
inputs, which can contribute to both marine and sub-aerial erosion 
processes, are examined. Climate, waves and tides are considered 
separately although wind and, to a lesser extent, atmospheric pressure 
are major influences on the other two. A wave hindcast procedure is 
used to evaluate theoretical wave heights, periods and effective wave 
energies for specific storm events based on hourly wind data for 
Cardigan Bay.
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4.2 Climatic data from external source
Climatically the west coast of Wales is typical of a maritime area 
along the western coast of land masses in the middle latitudes of the 
northern hemisphere, where the prevailing winds are south westerlies 
from the ocean which warm the land in winter and cool it in summer.
This moderating influence is reflected in that the average temperature 
in the coldest month (February) is 5°C and the average in the warmest 
month (August) is 15°C an average annual temperature range of only 
10.5°C. Humidity is high and constant, as might be expected of an 
oceanic climate, with sea mists and cyclonic rains.
A full synoptic recording station is located at Aberporth (GR 257514) 
and because of its proximity (16km S.W of New Quay) and coastal 
situation readings from here are considered applicable to the study 
area (Fig 4.1).
4.2.1 Temperature
Temperature records for the period 1970-1981 and for the study 
period 1982-1985 are given in Table 4.1. Mean values for this 12 year 
period are considered representative of long-term averages. Factors 
such as temperature and humidity are of little direct relevance in 
affecting cliff erosion although extremes of temperature can lead to 
drying and cracking and to freeze thaw conditions (See Chapter 9). 
Frost, however, is relatively uncommon along the coastal strip and 
on average onlyulS days of air frost are recorded during the winter 
months although the winter of 1984-5 was particularly severe with 
35 days of freezing temperatures.
4.2.2 Rainfall
The distribution of rainfall at Aberporth (1970-85) is given in 
Table 4.2. Total annual figures range from 65.5 to 99.6 cms with a 
mean value of 85cms. Rainfall occurs throughout the year with 
maximum falls recorded in the autumn and winter months (Sept to Feb).
When the rainfall during the study period is broken up into 
seasonal treads (Table 4.3) it is seen that in 1984 a dry spring/summer 
was followed by an exceptionally wet autumn. The significance of this 
will be considered in Chapter 9.
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CARDIGAN BAY
4.1. Sea surveillance stations in Cardigan Bay
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KEY: A * MAX; B = MIN; C = Grass MIN, -for a given month in a given year 











































































































































































































































































































































































































































































































































































































































SEASONAL RAINFALL DURING STUDY PERIOD 1982-5
M-A-M J-J-A S-O-N D-J-F 
SPRING SUMMER AUTUMN WINTER
1982 222.9 354.5
1982/3 200.8
1983 218.2 139.5 220.0
1983/4 254.8




LONG TERM 167.2 162.2 272.1 249.5
VALUE
(FIGURES GIVEN IN MM)
Rainfall again as a factor is considered to have only minimal 
effect on cliff erosion except in those areas of non-vertical slopes of 
boulder clay or till with little or no vegetation cover where high 
intensity rainfall may play an increasingly important role in forming 
rills and small gullies. It may also,in terms of surface run off, increase 
the erosive effect locally of drainage features such as streams and 
land drains.
4.2.3 Wind Activity
Because of the orientation of the coastline the most effective 
winds in terms of erosion potential come from the westerly quadrants. 
The annual wind rose for Aberporth (Fig 4.2) shows a predominance of 
on-shore winds both in strength and frequency with at least 40% of all 
winds coming from the south-west sector. Winds of different strengths 
follow the pattern of the frequency distribution, nearly all the gale 
force winds recorded at the station being westerly, usually generated 
by low—pressure systems. The area receives an average of 35.3 gale 
force storms a year (Moore, 1968) most of which are concentrated in 
the autumn and winter.
4.3 Wave climate in Cardigan Bay
Wave energy on a coastline is partly a function of fetch (Schou, 
1960). Therefore, in terms of erosion potential, wave energy along the 
Cardigan Bay coastline is limited by the configuration of the Irish Sea 
which provides limited fetch in all directions except for a narrow 
vector to the south west, through St. George's Channel into the Atlantic 
via the Western Approaches, where fetch is essentially unlimited 
(Fig 3.2). Fetch to the west and north is restricted by Ireland and 
the Lleyn Peninsula respectively and ignoring the phenomenon of wave 
refraction the maximum uninterrupted fetch within the Irish Sea is 
approximately 230km to the N.N.W.
The wave climate of Cardigan Bay is governed principally by the 
virtually enclosed position of the Irish Sea and by the influence of the 
westerly air flows that predominate over the British Isles. Long- 
period (>9secs) swell waves emanating from depressions in the Mid- 

















































































































period «7secs) sea waves will be generated within the Irish Sea, 
often as a result of westerly and north-westerly winds.
The offshore bathymetry of the Waterford-Wexford and north 
Pembrokeshire coasts induces reflection and refraction of long period 
waves. On traversing some 50km of shallow water (<50m) these swell 
waves are further refracted by the time they reach the study area.
Short-period waves do not start refracting until they come within 
the same 50m submarine contour which approximately runs from St.Davids 
Head to the tip of the Lleyn Peninsula, and most refraction occurs 
within a zone 3-4km offshore (Orford, 1978).
Wave climate data available for south Cardigan Bay is limited. 
Wave data held by the Marine Information and Advisory Service (MIAS) 
include only hourly data of sea surface elevation for coastal sites 
at Aberystwyth ( 1 972) and Aberporth (1974). The most pertinent data 
for this area has been obtained from an I.O.S. study, based at the Royal 
Aircraft Establishment, Aberporth in 1973 > where waves were recorded 
by a Waverider buoy placed in a water depth of about 30 metres at 
52° 12 N, 4° 50 W, approximately 17km north west of Cardigan (Draper 
and Wills, 1977). The buoy was in operation from 5th Jan to 31st Dec. 
and all the records were analysed using Tucker's (1963) method of 
wave trace analysis to give what was in effect a complete year's 
wave data.
Examination of the data indicates a predominance of waves in the 
7 to 9 second period range with a secondary peak at approximately 11 
seconds which probably represents the contribution from deep ocean 
swell along the 220° - 230° vector.
The highest value of wave height recorded during this period was 
6.8 metres on 12th Feb although waves of almost equal height occurred 
at other times (autumn and winter) in the year (Figs 4.3a-d). The 
autumn and winter months had, as would be expected, more waves 
exceeding any given height than the spring and summer months.
For example, in winter the significant height exceeded 1 metre 
for 48% of the time, whereas in summer this value was exceeded for 

























































































































































































































































Analysis of the mean zero-crossing period (Tz), (Figs 4.4a-d) 
shows little seasonal variation. In winter the most common period 
was about 6 seconds whereas in summer it was about 5 seconds. However, 
occasionally, the arrival of a very low swell in locally calm conditions 
gave wave periods in the upper terns of seconds. These swell wave 
periods (>10secs) are evident in all seasons but particularly between 
July and September.
The spectral width parameter, E, calculated from Tz and Tc 
(Tucker, 1961) where ET = 1 - (Tc/Tz) is restricted to a value 
between 0.5 and 1.0. This reflects the lack of swell waves due 
principally to the Irish Sea being relatively small and almost 
enclosed,thus resulting in a rarity of swell from other areas and 
indicating a dominance of sea waves within the Bay (Fig.4.5).
The scatter diagram in Fig. 4.6 shows, in parts per thousand 
the numbers of occurrences of particular combinations of wave period 
and wave height. It indicates that in 1973 waves most often encountered 
at this location had a period of between 4 and 5 seconds and a 
significant height of between 0.4 and 1.2 metres. Within these values 
wave conditions occurred for 18.1% of the time.
Wave steepness, an important parameter in the dynamics of beach 
profile morphology (Orford, 1978), is expressed as wave height: wave 
length. The majority of the waves represented are less steep than 1:18 
and no waves > 9 sees period have a wave steepness > 1:40.
The long-term prediction of wave height, which is of obvious 
interest to this study, was obtained by plotting values of H max on 
both log-normal and Weibull probability paper. The former yields a 
50 year lifetime wave height of 13 to 15 metres, the Weibull 
presentation 13 metres. Allowing for the winds for 1973 over the 
generating area to be 92% of a long-term average, then it may be 
reasonable to assume that wave heights measured were 87% of typical 
conditions based on wave heights being related to the wind speed to 
the power of 1.5 in the relatively shallow water in the Bay 
(Darbyshire, 1961). Accordingly, all wave heights should be increased 
by about 15% and periods by about 4%. This suggests a 50-year predicted 
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FIG. 4.5 Graph of spectral width parameter for whole year
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Scatter diagram of number of occurrences (in parts per 
thousand) of particular combinations of wave period and 
wave height
Subsequent works by Wills (1983) at the same Royal Aircraft 
Establishment has provided useful information on wave direction using 
sea-surface radar plots. Data for Aberporth indicate that the mean 
angle of approach for swell waves in the south CardiganBay area is 
259°, with a standard deviation of 5°. Pure swell waves are often 
difficult to detect and Wills points out that in storm conditions, 
wind waves of periods comparable to those of swell waves can approach 
the coast over an arc extending from south west to north-west.
s
Fig 4.7 gives a diagrammatic presentation of the alignment of 
wave crests at different areas in Cardigan Bay for the period May to 
September 1983. These wave patterns were obtained from marine surveillance 
radars located at Aberporth, Constitution Hill near Aberystwyth and 
Mynydd Rhiw on the Lleyn Peninsula. Wind vectors for the corresponding 
dates are also shown, although vector lengths have no significance 
neither do the positions which the vectors are drawn.
Disregarding what Wills (1983) considered to be obvious wind waves 
and unreliable measurements we have a spread from 232 to 255° averaging 
245 degrees for an area of sea off Aberystywth approximately 3 miles 
by 2 miles and for a spread of wind directions from SW to NW. Measurements 
for Mynydd Rhiw and Aberporth serve to show the consistent behaviour of 
swell over widely spaced regions of the Bay. Also,it can be seen that 
the two measurements for the off shore region at Aberporth agree well 
with the figure of 259 given previously.
The only source of continuously monitored wave climate data for the 
Irish Sea at present and the one used in refraction modelling discussed 
is from Hogben and Lumb's (1967) collection of shipbased wave-data 
records. Although this source has been criticised by Hansom (1983) 
for being non-representative, the data contains all the necessary 
elements e.g. wave height, wave period, wave direction while the time 
period over which the data was collected (1953 - 1961) contributes to 
long-term estimates of wave occurrence. This collection indicates a 
median deep-water wave height of 1.5m for all seasons and a maximum 
wave neight (H Max) of 9 metres.
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FIG. 4.7 Measured wave crest orientation (after Wills, 1983)
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4.3-1 Significance of specific storm events in coastal erosion
In a storm wave dominated environment, morphological change in the 
coastal zone can be a function of wave energy dissipation and its 
variation through time (Davies, 1973). As periods of intensive wave 
activity are associated with storm conditions, the determination of 
magnitudes and frequency of occurrence of specific storm wave events 
was assessed in terms of their relative importance.
A wave hindcast procedure,attributed to Sverdrup Munk Bretschneider 
(S.M.B),was used to produce theoretical wave heights, periods and 
• cumulative wave energies for specific wave events within the Cardigan 
Bay area,based on hourly wind data for RAE Aberporth.
Wave hindcasting from measured wind data has been used successfully 
in a number of studies particularly where fetch lengths are restricted 
e.g. Armon and McCann (1977), Hale and Greenwood (1980), Davidson-Arnott 
and Pollard (1980).
4.3.2. Storm event criteria
No absolute definitionof what constitutes a storm event exists 
(Hale and Greenwood, 1980,p76). From the point of view of wave generation 
and its relative impact on shoreline a number of criteria need to be 
defined. The generation of wind waves is essentially determined by the 
speed and duration of the wind and the length of fetch (Komar, 1976). 
There is,however, a progression of antecedent meteorological conditions 
which need to be considered and which often cannot be quantified.
Assumptions have to be made about wind speed and direction. Wind 
data may have a mean speed but this is an average of gusts and lulls 
over a range of directions which can be spread more than 45 from the 
nominal direction. There is therefore a whole spectrum of wind speeds 
and directions ensuing in a whole range of waves caused by wind drag 
over the sea.
Other factors need to be considered, such as maximum hourly wind 
speed, maximum gust, number of hours with gusts of varying strength 
etc, so that any assessment of the necessary criteria must be 
subjective.
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Hale and Greenwood (1980), in a case study of Kouchibouguac Bay in 
the Southern Gulf of St. Lawrence, used the following criteria to define 
a storm event based on hourly average wind speed and direction data:
(i) cumulative average hourly wind speed of 19km/hr or 10 knots
will not theoretically generate significant waves greater than 
1m in height or 4 second period regardless of length of fetch 
or duration
(ii) duration of wind speeds knots must be not less than 6 hours
(iii) wind directional variability must be restricted to fluctuation 
less than 45° from the predominant direction.
In terms of the Cardigan Bay wave climatology, parameters are to 
a certain degree determined by the aspect of the West Wales coastline 
and the confines of the Irish Sea. The value of 10 knots adopted in the 
Canadian study would appear to be conservative when applied to the 
Irish Sea. Local experience has indicated that westerly winds of 
Beaufort scale 6 or greater contribute mostly to storm conditions. Force 
6 winds of 15 hours duration blowing over a fetch of 140 sea miles 
induce waves of deep water steepness 0.049 (Roth, 1979). This is twice 
the figure of 0.025 proposed by Johnson (1956) for destructive waves 
on beaches and these figures for wind speed and duration would appear 
to be reasonable thresholds for this area.
From an analysis of the hourly wind speed and direction data for 
Aberporth,provided by the Meteorological Office,the following criteria 
were established:
(i) hourly mean wind speed of not less than 25 knots 
(ii) duration of wind speeds 25 knots must not be less than 15 hours 
(iii) wind direction from within an arc 235°- 025° must not fluctuate 
more than 45° from the predominant direction
While individual gusts of 70 knots were registered they may not 
have been significant in themselves as waves take a certain length of 
time to develop. More important were the number of successive hours 
which had gusts of similar intensity and the number of hours with 
gusts of 34 knots or more and 48 knots or more were considered in the 
assessment.
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Storm situations were readily identified in the data from the 
above conditions.
4.3.3 Storm Frequency
Storm events abstracted from wind data were summarised in terms of 
the number of events by direction and month for an average year.Fig.4.8 
shows that of the 12 so-called storm events per year, 5 were from the 
NW quadrant, 3 from the SW, 3 from the SE and 1 from the NE.
Irrespective of direction, January is the stormiest month with a 
total of 42 storms in the period 1971-85, followed by November with 27, 
December with 25, March with 23 and February with 21. The three winter 






4.3.4 Frequency of significant storm events in terms of potential erosion
For the meteorological criteria proposed in section 4.3.2. hindcast 
storm events were computed using the (S-M-B) significant wave approach 
(Sverdrupd Munk,1947);Bretschneicfer 1951,1958,1959,1970). The 
relationships representing deep-water wave generation in this technique 
were defined by Johnson (1950) in the following equations:
v
it•» **v v
where C = wave celerity, H = wave height, g = gravitational constant 
and ^ = constant of proportionality derived from empirical data.
Input data of wind speed, direction and duration together with 
effective fetch length were incorporated into a computer programme 
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FIG. 4.8 Storm Frequency Distribution by Month and Direction
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which provided an hour-by-hour printout of wave conditions from the 
first hour of the event. Procedures were added to compute the wave 
energy generated each hour and cumulative wave energy for the storm 
event. Table 4.4 shows a typical printout for the storm event of 
30.1.83. Storm characteristics for the periods 1971-81 and 1982-85 
are listed in Tables 4.5 and 4.6 respectively.
These large storm events reveal a consistent general pattern with 
little annual variability.The frequency of occurrence of 2.0 per annum 
for the study period (1982-85) is comparable with the figure of 2.2 for 
the total 15-year period.
In the years 1976 and 1983 there were 4 storms while in 1971 and 1982 
no significant storms were recorded. The period September to February 
accounts for 82% of the total number and the seasonal breakdown, listed 
below is,as to be expected, almost identical to that for wind, data listed 
in Section 4.3-3.
Winter (D 3, J 10, F = 3) 16 (48.5%)
Spring (M 5, A 1, M = 0) 6 (18.2%)
Summer (J 0, J 0, A = 0) 0(0%)
Autumn (S 2, 0 4, N = 5) 11 (33-3%)
For the 15-year period (1971-85) storm waves in total, irrespective 
of wind direction or duration were generated an estimated 7-0% of the 
time. Waves generated by specific storm events (i.e 15 hours duration 
from the S.W to N sector) occured only 0.7% of the time.
Storms from the north-westerly quadrant contribute 82% of this 
figure. This pattern is consistent with depressional movement across the 
British Isles, particularly in the autumn and summer months. Strong 
southwesterly winds tend to occur before a front moves in. At the front 
westerly to north-westerly winds develop, often stormy and cold, becoming 
north-westerly as the depression moves across Britain to the N.E.
In predicting the potential impact of a storm event on the coast 
line, the most applicable measure of intensity may be the capacity of 
the storm waves to do work as expressed by the cumulative wave energy 
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TABLE 4.6 Storm event characteristics for period 1982-1985
81
Examination of Tables 4.5 and 4.6 reveals the maximum predicted 
storm occured between 28-30/1/78 and had a significant wave height of 
6.2ft (1.9m) and a 5.5 second wave period. A maximum wave power of 
38.5000 j/m/sec and total wave energy density of 47.8 x 10 jm~ 1 crest 
width were calculated, indicative of high-energy conditions.
This largest magnitude event was from the north-west quadrant and 
the dominance of south-westerly winds is further illustrated in Table 
4.7 where the wave energies are categorised by direction.
An assessment of the relative importance of storm events cannot be 
made unless the event can be related to absolute or observed volumes of 
change along the coastline.
A check on the viability of this hindcasting technique was carried 
out for several specific wave generating events where some comparative 
information was available.
(i) 12.2.73
The maximum wave height recorded by Waverider buoy in Cardigan 
Bay (Draper and Wills, 1977) during 1973 occurred on the 12th of February 
although waves of almost this height occurred at other times (autumn and 
winter) in the year.
This agrees with the timing of the most significant storm event, 
in terms of wave energy, hindcast for 1973, although it must be stated 
that the predicted values of wave height and period (1.9m and 424 sec. 
respectively) were appreciably lower than actual (6.8m and 6.79 sees, 
respectively).
(ii) 14.11.77
A 2-year (1976/7) experimental period into beach changes at 
Ynyslas, near Aberystwyth, by Williams et al (1981) included one 
storm of note (14.11.77) when significant volumes of beach material 
were removed.
Sweep zone diagrams indicated the main profile variation being 
on the seaward edge of a pebble ridge where 169, 127 and 211 nr of 












































































































































































These volumes of sediment moved reflect the total work done by 
a north-westerly storm with wave energy density of 19.2 x 10 jm~ 1 
crest width.
(iii) 30.1.83
Although there was no record of its effects on the Aberaeron 
coastline, there was a newspaper account of the damage caused. "Gale 
force winds hit many parts of Wales yesterday. Gusts of more than 80 
knots were reported by coastguards at St. Ann's Head, near Milford 
Haven. Ships were battered by huge seas and storm-force westerly winds. 
Caravans were blown over near Aberystwyth and in the town itself part 
of the roof of a block of flats was blown off" (Western Mail Reporter, 
31.1.83).
In this case, as in many others, it was the popular perception 
of damage to property or loss of life that gave the storm the status 
of an extreme event rather than its absolute intensity. Profiles surveyed 
by the writer subsequent to this storm showed a dramatic lowering of 
beach levels. (Figs 6.6 a-d). This was particularly evident at 
Llanrhystud (chng 1+00) where the top of the beach face was reduced 
in level by over 1m.
It is apparent that the moderate-to high-storm events predicted 
are most important in causing coastal change along the Ceredigion 
coastline. Without knowing the morphological responses, relating the 
type or scale of change to the indices of storm intensity is 
problematic. The likely relationship that exists between total energy 
and change in the form of quantity of sediment transported will be 
referred to in Chapter 5 and 6.
Any changes in nearshore configuration associated with storm 
events may only be effected when such events coincide with periods 
of high tides. Table 4.8 shows that for the eight events of possible 
marine erosion during the study period the coincidence of storm 









































TABLE 4.8 Predicted tides for days of hindcast storm events in 
temporal relation to high spring tides
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4.4 Tides
The study area can be classified a semidiurnal macrotidal 
environment (Davies, 1964) with a mean spring range of 4.3m and a mean 
neap range of 1.7m. Fig 4.9 gives a theoretical range of tidal levels 
for New Quay. Cardigan Bay forms part of the Irish Sea oscillation and 
tidal ranges increase eastwards since the streams flowing into the Irish 
Sea through St. George's Channel are deflected by the earth's rotation. 
Cotidal lines for the Irish Sea (after Doodson and Corkan, 1931) are 
shown in Fig 4.10.
Tidal currents, produced by the ebb and flow of tides, decrease 
towards the Welsh coast and spring rates of about 1 knot prevail near 
land. Tidal streams run regularly across to New Quay and a tidal stream 
also runs around the bay but is very weak (Ceredigion District Council 
Tide Tables, 1984).
4.4.1 Predicted Tides
Predicted tidal heights have been obtained from the Aberystwyth Tide 
Tables which have been compiled and produced by Ceredigion District Council 
using Holyhead as the calculating Standard Port.
Tide levels for Holyhead are given in Admiralty Tide Tables which 
are based on continuous observations of the tide over a period of not 
less than 3 years, the average changes in mean sea level due to changes 
in meteorological conditions for that period being calculated and 
included in the predictions.
Predictions for secondary ports such as Aberystwyth and New Quay and 
other ports in Cardigan Bay are made by applying time and height 
differences to predictions at Holyhead which as part of the Irish Sea 
oscillation has similar tidal characteristics.
Tidal levels given in the Tables are referred to Chart Datum of the 
largest scale Admiralty Chart No. 1482 for the Cardigan Bay area.
In order to determine the manner in which tidal coverage varies 
along the coastal cliffs it has been necessary to refer all levels to 
a common horizontal plane Chart Datum, being dependant on the range of 



















































CotidaI lines time in minutes after lunar transit. Greenwich.
FIG. 4.10
Corange lines range in feet
Cotidal lines for the Irish Sea and St. George's Channel 
(after Doodson and Corkan, 1931)
88
[ Table III, Admiralty Tide Tables, 1983, gives the corraction 
between Chart Datum and Ordnance Datum for the Secondary ports of 
Aberystwyth and New Quay as + 2.4Urn].
4.4.2 Actual Tides
Measured levels were obtained from an automatic tide gauge 
located on the harbour wall at Aberystwyth by the Welsh Water Authority. 
Recordings, some 700 values in all, were obtained for most of 1980 and 
for periods in 1982. Fig 4.11 shows a typical tidal—ievel chart for week 
27.10.82 - 3.11-82.
The harbour location may
(i) decrease recorded levels by having a dampening effect on wave
action 
(ii) increase recorded levels by way of artificial ponding—up of
water within a confined space and 
(iii) increase levels by flood water from the rivers Rheidol and
Ystwyth discharging into the harbour.
However,from discussion with the Harbour master at Aberystwyth and 
the siting of the gauge on the outer harbour wall, differential effects 
would appear to be minimal.
The amount of correction for high water at various locations within 
the study area from the Aberystwyth tidal data is negligible since 
Llanrhystud at the. northern end of the study area is only some 15km 
S.S.W of Aberystwyth.
From the Tide Tables and the recorded data for Aberystwyth, lists 
have been compiled showing the deviations between predicted and actual 
tides. It is seen that high tide is consistently different from the 
predicted value, the discrepancies in height can be attributed to 
meteorological conditions.
4.4.3 Meteorological Effects on Tides
As predictions are given for average meteorological conditions it 
follows that when conditions are not average the actual tides may differ 





FIG. 4.11 Tidal level chart for period 27.1U.b2 - 3-11-32
(from Welsh Water Authority automatic tide.^uge at Aoerystwyth)
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Tidal predictions are computed for average barometric pressure. A 
difference from the average of 45 millibars can cause a difference in 
height of about 0.3m. A low barameter will tend to raise sea level and 
a high barameter will tend to depress it. The water level does not, 
however, adjust itself immediately to a change of pressure and it 
responds moreover to the average change in pressure over a considerable 
area. Changes in level due to barometric pressure seldom exceed 0.3m 
but, when mean sea level is raised or lowered by strong winds or by storm 
surges, this effect can be important. The converging or diverging of 
the Irish Sea coastlines may also increase or decrease these 
variations in sea level.
The effect of wind on sea level and therefore on tidal heights and 
times is very variable and depends largely on the topography of the area 
in question. In stating the obvious perhaps, a strong wind blowing 
straight onshore will pile up the water and cause high waters to be 
higher than predicted, while winds blowing off the land will have the 
reverse effect. Seiches and storm surges caused by the passage of an 
intense depression are very rare in the Irish Sea.
Experience of weather conditions in the area has indicated that strong 
winds (Beaufort scale 6 or greater) blowing from the south west to north 
west quadrant,low barometric pressures and, most particularly, depressions 
approaching the coast rapidly from the west, all contribute to levels 
in excess of predicted values.
The influence of antededent wind conditions on actual tide levels 
at Aberystwyth is indicated in Fig 4.12. The choice of meteorological 
criteria has been discussed in section 4.3.2 and any assessment must 
be subjective.
The mean hourly wind speed and direction for the previous 24 hours 
has been calculated and plotted against percentage differences in actual 
to predicted tide levels.
From Fig 4.12 it is seen that there is generally a wide scatter of 
results. Winds from the NW and S.E quadrants show no definate pattern 
with as many actual tide levels above those predicted as there are 


























FIG. U.12 Influence of antecedent wind conditions on actual tide 
levels in relation to predicted
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where a distinct relationship would appear to exist between wind speed 
and high energy conditions and therefore possible cliff erosion (Table 
4.7).
For winds from the other two quadrants there is a suggestion of a 
linear relationship between wind speed and tidal levels. Increased speeds 
in onshore winds from the predominant south westerly direction result 
in a gradual increase in actual tide levels in relation to predicted 
while north easterly winds show a corresponding decrease.
The role played by waves in pushing tidal levels further up the 
open beach to a height greater than that recorded by the tidal gauge 
was investigated by a series of spot levels taken randomly along the 
coastline. Although there were anomalies there was a general agreement 
with the Aberystwyth tide-gauge in that S.W winds increased and N.E 
winds decreased the predicted values. It was also evident from these 
readings that high energy events caused tide levels on open beaches to 
rise by as much as 150 - 200% above predicted values. Some specific 
events are discussed below:
3.9.83 Actual high tide of 2.8m A.O.D measured at Llanon showed a 
100% increase on the predicted value of 1.4m. Because this was a neap 
tide, breaking waves still failed to reach the foot of the cliffs 
and no erosion occurred. Winds for the previous 24 hours were south­ 
westerly gale force, with an hourly mean of 29 knots and gusts of 60 
knots, and resulted in an unusually high build-up of seaweed at Llanon 
(Plate 4.1).
8.10.83 Spring high tide resulted in storm waves breaking on Aberaeron 
sea wall (plate 4.2). high tide level on the adjacent south beach was 
measured at 4.5m A.O.D - a 60% increase on the predicted level. 
Antecedent winds of Beaufort scale 4-5 blowing from 240° did not 
produce marine attack of the cliff base.
3.1.84 Direct wave attack was observed on the cliffs fronting the 
caravan site near Llanon during a south-westerly storm (Plate 4.3). 
High tide level was measured at 5.8m A.O.D - a 160% increase on the 
predicted value of 2.2ra. Winds for the previous 24 hours were south­ 
westerly veering westerly, strong to gale force, locally severe gales.
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PLATE 4.1 Build-up of seaweed at Llanon beach (3.9.83)
PLATE 4.2 Storm waves breaking over Aberaeron seawall (8.10.83)
PLATE 4.3 Erosion of cliff base at Llanon (3.1.84)
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Although cumulative wave energy, hindcast at 23.8 x 105 joules m~ 1 
crest width (Table 4.7), made this particular storm event the second 
highest of the study period, only small individual collapses of cliff 
material were noted along the section.
27.9.84 The tide of 3.1m A.O.D during the September equinox period was 
the highest predicted for 19 years. Southerly winds, moderate or fresh 
but well below gale force, resulted in calm weather conditions at New 
Quay (Plate 4.4) where actual high tide was measured at 3.8m A.O.D 
and any erosion was minimal. If wind force had been two or three points 
higher on the Beaufort scale flooding and erosion could have been 
extensive.
The foregoing observations further emphasise that marine erosion 
of the cliffline occurs under a required coincidence of climatic 
and tidal factors where certain thresholds of tidal level, wind speed, 
wind direction and storm duration are necessary.
4.4.4 Tidal Coverage
From the predicted and recorded tidal data, tidal coverage of 
different heights of cliff along the coastline have been calculated 
and are tabulated in Table 4.9.
While all predicted and recorded tides rise above 0.5m A.O.D, no 
predicted tide rises above 4.0m A.O.D yet 2.5% of recorded tides do. 
There are anomalies in the correlation between the two categories 
of tide but the magnitude and proportion will be correct and they 
do give an indication of the infrequency with which the tide reaches 
sections of cliff above 3m A.O.D.
Taking into account the tidal hydrograph in Fig. 4.13 the 
percentage coverage by tides has been converted into a percentage 
coverage by time.-These duration values - calculated for recorded 
tides only - are also tabulated in Table 4.9-
Thus, the areas of beach and cliff at Om A.O.D are submerged for 
52% of the year while those at 3m A.O.D are covered by water for less 
than 1%. The significance of these figures is that much of the 
cliffline, even at lower levels, is potentially more subject to 
sub-aerial rather than marine processes.
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PLATE 4.4 Calm conditions at New Quay during highest predicted 






































































Sources:- Predicted tides from Admiralty Tide Tables recorded 
tides from Welsh Water Authority tide recorder at 
Aberystwyth plus site measurements.













25 30 5 
April
1O





06 08 10 12 14 16 18 20 22 24




THEORETICAL PREDICTION OF EROSION ALONG THE CARDIGAN BAY 
COAST USING COMPUTERISED WAVE REFRACTION TECHNIQUES
5.1 Introduction
The wisdom of using historical analyses, be they by map comparison 
or wave hindcasting, to project future coastal erosion has been 
questioned by Hayden (1975). He showed statistically that there are 
secular changes in world climate which can lead to significant alteration 
in storm track frequency. Such an alteration in the direction and 
frequency of storm waves could change the local storm wave climate, 
when historical methods may give a false indication of future rates 
of erosion and of traditional areas of shoreline vulnerability.
An alternative method, and the one considered in this chapter, is 
to use wave refraction techniques to model the response of the coastline 
to known wave conditions. Any long term variation in wave energy is 
limited by weighting the model with the occurrence probability of the 
waves. Such a model can indicate areas of coastline that are vulnerable 
to higher than normal energy levels (Langfelder et al, 1970; Goldsmith 
et al, 197^). Since wave action also controls longshore sediment transport 
(Komar and Inman, 1970),modelling can be used to assess the magnitude 
of sediment surplus or deficit along the coastline. This in turn can 
provide an insight into how longshore variations in sediment 
distribution can control recession rates.
Previous computerised refraction studies have tended to concentrate 
on large scale, relatively simple shorelines dominated by depositional 
features. Much work has been done on barrier islands along the exposed 
east coast of the United States e.g. Stapor (1971) and Goldsmith (1976), 
while Gulbrandsen (1985) compared the effectiveness of wave refraction 
technique in predicting erosion for a micro-tidal area such as the Cape 
Hatteras shoreline (U.S.A) with a micro-tidal area located at Ynyslas 
Spit near Borth, West Wales.
On a smaller scale, Lowry and Carter's (1982) refraction based study
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has identified the structure of potential sediment cells in a series 
of swash refracted bays in south Co. Wexford, while Bowden and Orford's 
(1984) study of the Ards peninsula in Co. Down, Northern Ireland was the 
first to use refraction as a means of predicting beach depositional 
morphology along a crenulated coastline.
Davidson-Arnott and Amin (1983) applied computer modelling of wave 
refraction and sediment budget techniques to shore erosion problems 
in S.W. Lake Ontario. Although this work related primarily to problems 
in the Great Lakes, it should be applicable to all such coasts in 
rapidly eroding Quaternary sediments.
South Cardigan Bay has an irregular.coastline with complicated 
morphology and embayments formed of such sediments. This chapter deals 
with a theoretical approach to demarcating longshore residual sediment 
between New Quay and Llanrhystud, using the wave refraction model 
of May (1974) and the concept of sediment cell delimitation proposed 
by the 'abc.... T model of May and Tanner (1973).
The spatial position of these cell boundaries dictates the longshore 
magnitude of beaches (Davies,1974) and consequently their effectiveness 
to act as buffers against coastal erosion. The position of such 
boundaries is identified by means of field surveys and the usefulness 
of such a theoretical approach is assessed in Chapter 6 by comparing 
the predicted sediment cell structure with the observed beach morphology.
5.2 Theory of sediment cells and longshore sediment budgets derived 
by wave refraction
5.2.1 The process of wave refraction
Upon entering shallow water, deepwater waves are subject to the
process of refraction, which can cause either a divergence or convergence 
of the wave energy. Irregular bottom topography can cause waves to be 
refracted in a complex way and produce variations in the wave height 
and energy along the coast.
Any offshore or deepwater wave [depth (d)>0.5 length (1)] with an 
uniform wave height (H ) will be spatially altered into a longshore 
breaker height (H,). In plan view, progressively shoreward positions of 
the same relative point on the wave crest trace out a path, known as
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an orthogonal, which ends at the break-point. Wave energy (E) is 
proportional to H and given a constant deepwater wave height (H ) 
along the wave crest length it can be assumed that the wave energy 
is constant between equally spaced orthogonal positions.
During refraction the distance between the initially equi-spaced 
orthogonals becomes non-constant due to the spatial distortion of the 
wave crest over the variable bathymetry. At the breaker point, assuming 
that wave energy losses during shoaling have been approximately similar 
along the wave crest, roughly equal amounts of wave energy are now 
contained between unequally spaced final orthogonal positions and are 
expressed in the longshore variation of H,.
5.2.2 Longshore sediment transport
Although the longshore variation in H, can be used as a crude index 
of available energy for understanding variation in coastal morphology, 
a more productive use of H, is when it is related to the breaking wave ' s 
potential in undertaking work (P) in the form of sediment erosion or 
transport .
At the breaker point the longshore component of wave power is 
calculated using the equation
P l = ^ ECn\) sinoc b cos<x-b - (Komar 1976)
where P, = wave energy flux per unit width of wave crest
E = wave energy density
C = wave group celerity
oc = angle of wave approach to the shoreline
b = denotes breaking condition
and 1 = denotes a longshore component per unit length of coastline
It has been shown that it is this longshore variation in predicted 
longshore directed wave power (P-i) and its spatial variability that 
theoretically correlate most successfully with zones of erosion , transport 




This system may be divided into a number of littoral drift cells 
(Inman and Frautschy, 1966; Stapor, 1974) each cell being characterised 
by an area of net coastal erosion, an area of net coastal deposition 
and a transport path between them (Tanner, 1974b).
Tanner's f abc.... f model of a simple cell is characterised by five 
key points designated 'a 1 through 'e' (Fig 5-1). Certain important 
parameters vary in a predictable way from point to point. The longshore 
wave power component P, is maximum at 'a',decreases steadily in the 
down-drift direction and is minimum at f e*. At some position between
•a' and 'e' is an equilibrium position r c' where the value of P, is 
insufficient to maintain the amount of sediment already being transported 
alongshore.
Two contiguous cells with a common 'a 1 /'a 1 boundary result in net 
erosion and a low beach sediment volume and elevation due to drift 
moving away from the boundary in both longshore directions; a common
•e'/'e 1 boundary of two adjacent cells results in net deposition and 
high beach sediment volume and elevation due to sediment drifting 
towards the boundary from both directions. An 'a f /'e r boundary between 
two cells marks the sub-cell boundary within a major drift of constant 
drift direction and can result in longshore sediment protrusions.
Whilst the concept of sediment cells has existed for some time, 
computer modelling of such cells from wave refraction is a recent 
technique which has been used by numerous workers (see literature review).
5-3 Bathynietric and wave climate data used in wave refraction model.
The inner square marked on Fig 5.2 shows the boundary of the 
bathymetric grid used in the study. This grid extended outside the 
study area from Aberporth to Aberystwyth and out to a depth of 40m. In 
theory only waves of period <7s would still be unaffected by such 
depths but given the shallow submarine shelf of Cardigan Bay, even a 
grid covering the whole area of the southern Irish Sea would still only 







a/a : low beaches
c : equilibrium
e/e : high beaches
e/a : longshore sediment protrusion
FIG. 5.1 Principal elements of May and Tanner's (1973) 
'abc......... f model
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MlKylMtry . • k*Uv 0.9. 0>*w«T'i)
FIG. 5.2 Bathymetry of refraction grid used in the wave 
refraction model
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The rectangular area was subdivided into 130 x 63 equally spaced 
divisions. Grid spacing interval was approximately 400m and depths 
were adjusted to a bathymetric datum of mean high water spring tide 
(MHWS) New Quay.
The most viable source of wave data, and the one used in this study, 
is given by Hogben and Lumb (1967) from shipbased records. This 
source includes the required parameter of wave height (H ) wave period 
(T) and wave direction (d) necessary for refraction modelling. Table 
5.1 shows the recorded H and T for the 6 main vectors, from 240° to 0*0° 
impinging into the Cardigan Bay coast from a southerly, through a 
westerly, to a northerly direction.
As the dominance of sediment cells will reflect the duration in 
any given time unit of the wave conditions which engender them, 
wave refraction results have to be adjusted by the proportion of 
occurrence of the given wave conditions. The unit of time selected 
for this study was a year, so that each value of wave power was 
multiplied by the proportion of a year that the conditions occurred. 
For example, a 5 sec wave from 000° N with D = 0.0799319 occurrence 
would run for 29.175 days in any unit year.
5.4 Wave refraction modelling procedure
The computer programme WAVENRG (May, 1974) was used to simulate 
wave refraction and to model the potential longshore transport pattern. 
The programme computes the path of orthogonal wave rays and determines 
the transformation of wave parameters using linear wave theory as the 
wave breaks. Orthogonals were generated for each specific wave 
direction from positions close to the seaward boundary of the bathymetric 
grid shown in Fig 5.2. The starting positions and orientation were 
estimated. As slight variations in these starting positions can cause 
major shifts in termination points onshore bonws and Battjes (1983) have 
argued that the wave energy distribution can only be an estimate of 
reality. They therefore suggest that longshore wave power should be 
smoothed so that individual peaks of energy can be generalised. Smoothing 
should only erase local noise elements and not disturb the general 












































































































































Z : wave direction H
I
T : wave period D
o Deep water medium wave he
ight 
Wave direction probability
TABLE 5.1 : Irish sea wave climate
(after Hogben and Lumb, 196?)
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The computer programme calculates for each orthogonal the x and y 
co-ordinates at the break point. Breaking is assumed to occur when the 
ratio of wave height to water depth equals or exceeds 0.78. At this 
point wave height (Hb ), wave power (?b ) and the longshore component 
of wave power (P,) are calculated.
To obtain the residual wave power budget values at the shoreline, 
estimates of wave power for each wave condition were interpolated 
at regular intervals. A linear function between adjacent shoreline 
orthogonals was used to establish interpolated values, which were 
measured at a 0.5 grid spacing interval alongshore (200m). The 
values of wave power and the longshore component of wave power 
(the direction of the latter being denoted by '+' or '-' depending 
on northerly or southerly drift) were computed for each wave run.
A typical graph plot for an 8.5 second wave moving inshore from 
a 270° (westerly) direction is shown in Fig. 5.3-
The final budget for each interval position was found by summing 
all of the values at each longshore position, with the net value 
of longshore power being adjusted for differential drift direction 
by the change in sign.
5.5 Model Results
5.5.1 Onshore directed wave power
Fig 5.4 shows the longshore variation in annual total of breaking 
wave power for each of the 6 wave vectors considered.
In terms of individual wave vectors, the most energetic one is 
that from the south-west (270°) as would be expected given the St. 
George's Channel opening to refracted waves from the Atlantic. This 
vector would also appear to control the overall wave energy along the 
coastline as highlighted by the pattern of total annual breaking wave 
power shown in Fig 5.5, where all the vectors have been summed.
A number of distinctive energy provinces occur alongshore. Outside 
the study area, a low energy zone (4 x 10 mj/m/y) in Aberporth Bay 
is followed by a high energy zone (12 x 10 mj/m/y) from Llangrannog 
to New Quay headland. New Quay to Llanrhystud is another low energy
108
270U N H = 2.06m T = 8.5s
FIG. 5.3 Graph plot for 8.5 second wave moving inshore from a 
westerly (270°) direction
109





































































































































































































































































































































































































zone (5 x 10 mj/m/y), of which two-thirds can be attributed to 
northerly (000°) waves. North of Llanrhystud,average wave energy 
increases (9 x 10 mj/m/y) though not to the level achieved south 
of New Quay.
5.5.2 Implications of variation in onshore wave energy on recession 
rates
On relatively simple shorelines showing uniformity of cliff height 
and stratigraphy, rates of erosion would be expected to reflect 
variations in incident wave energy. Although Cardigan Bay has an 
irregular coastline with varying topography there should be some 
correlation between the measured recession rates (Chapter 3) and 
the longshore distribution of total P, values (Fig 5.6).
In terms of the overall wave energy grid from Aberystwyth to Aberporth 
the P. values within the study area are comparatively low. However, 
with this low energy regime there are intermittent high peaks and 
comparisons can be made of the effect of these onshore.
The suggested high recession along Llanrhystud beach corresponds 
to an intermediate peak of energy while the considerable erosion 
evident in the till material between Llansantffraid and Morfa corresponds 
to relatively low P. values. South of Morfa high peaks of recession in 
mixed stratigraphy relate to high intermediate peaks of energy.
For similar values of wave power, erosion in the boulder clay 
cliffs immediately north of Aberarth is on average twice that in 
the more resistant Aberystwyth Grits further north. South of Aberarth 
high erosion rates indicated in the low-lying tills again correspond 
to lower P. values.
At Aberaeron, any possible erosion represented by the high peak 
of total wave power is masked by the presence of extensive coastal 
protection works. Along the cliffs of Aberystwyth Grits south of 
Aberaeron marginally higher P. values relate to generally lower rates 
of erosion in the more resistant gritstone.
At Ceibach and New Quay bays any relationship is confused and 
although there is a gradual increase in breaking wave power between
112
FIG. 5.6 Correlation between measured recession rate and 
longshore distribution of wave power
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Cei Bach and New Quay, it does not explain the massive erosion in the 
cliffs of boulder clay at New Quay itself where, as at Aberarth, sub- 
aerial erosion must be a significant factor and will be considered 
separately in Chapter 9-
Any agreement between wave energy and recession rates within the 
study area is very tenuous and there are obviously numerous other 
controlling factors. At times there would appear to be an inverse 
relationship between the two. A more logical view, however, is that 
the weaker Quaternary sediments do not necessarily need the same 
breaking wave energy to effect the same erosion rates. The role of 
the inherent geotechnical properties of the cliff material in terms 
of degree of 'erodibility' will be considered in a later chapter.
Quigley and Zeman (1980) attributed a similar poor correlation 
with bluff recession in Lake Erie to variations in bluff stratigraphy, 
erodibility and height, and to the effects of man-made structures. 
Davidson- Arnott (1984),using a sediment budget approach, found the 
same lack of agreement between rates of toe erosion and magnitude 
of incident wave energy for relatively weak Quaternary tills along 
Lake Ontario.
A factor of major significance in this poor relationship between 
wave power and rates of recession, although few have recognised it as 
such, is the protection offered by beach sediments which in turn 
reflect the variations in longshore sediment transport. It seems 
likely that comparatively small changes in the volume of beach 
sediments can influence the rates of cliff erosion and this aspect 
will be considered in Chapter 6.
5.5.3 Residual cell structure
Fig 5.7 shows the longshore component of wave power translated into 
a sediment volume using the CERC (1976) transport rate equation 
S, = 0.32283P,
o
where S is the sediment transport rate, (m beach volume/m beach width/ 
day) and P, is the longshore wave power (j/m/s).
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The constant is based on several assumptions related to sediment density 
sediment packing and transport efficiency and is thought to be more 
realistic than Komar's (1976) figure of 6.85 following the work of 
Inraan and Bagnold (1963).
Each wave vector's contribution to longshore sediment transport is 
shown with drift direction (Northeast/southwest)indicated. The largest 
volumes of potential sediment transport relate to the southwest wave 
vector (270 N) and dominate all the other vector's transport volumes. 
There is consistent drift direction with strong obliquely impinging 
waves (north/south) such that the frequency of littoral drift reversals 
is maximised with westerly or onshore vectors. In general littoral 
drift is predominantly northeast.
Fig 5.8 shows the summed longshore transported sediment volumes 
in the time unit of one year together with the resultant sediment cell 
structures from these values (this data is smoothed during a three - 
term unweighted moving average).
Positive first differences on the model indicate the potential for 
increasing longshore erosion and transport capacity, while negative 
first difference values show a decreasing transport potential and 
hence sediment deposition. The status of cell boundaries i.e. 'a'/'a r , 
'e'/'e', 'a'/'e* and intercell zones of erosion and deposition are 
also shown on the figure. The coastal strip map at the top of Fig 5.8 
show the spatial extent of longshore cell sediment deposition plus 
appropriate drift direction.
5.6 Discussion
The model reveals a number of distinctive features within the 
sediment dispersal system. Although the area of interest is principally 
between Llanrhystud and New Quay,the size of the final grid (Fig 5.2) 
has enabled a 50km length of shoreline to be considered from 1km south 
of Aberystywth to 4km south of Aberporth. There are 30 distinct cells 
within this larger area with a mean longshore length of 1.5km. Within 
the study area there are 15 distinct cells numbered 15 to 29 inclusive 
running from south to north, most of which indicate separate zones of 






































































































































The majority of these cells show a north-easterly residual drift 
direction, the ones showing a south-westerly direction tending to be 
smaller in length than the northerly ones (generally<0.4km) and 
identified by a single transport value. Numerous cells combine to form 
higher order cells. There are four such cells between New Quay headland 
and Carreg-ti-pw, north of Llanrhystud, which comprise some 80% of the 
coastline, three of which show a progressive north-easterly transport 
of material (Fig.5.8).
Figs 5.9 a-c identify the position of sediment cells alongshore on 
a larger scale 1:17,500 scale map of the coastal strip. Cell 15 is the 
largest single cell and extends some 3km from south of New Quay around 
the headland to the easterly end of New Quay Bay. Several distinctive 
zones of net erosion and neb deposition are shown within the cell 
which shows a northerly longshore sediment drift resulting in a potentially 
high depositional zone along New Quay Bay building up to a 'high 1 beach 
at Llanina Point. Cell 17, like 16, shows single distinctive zones of 
net erosion and deposition within the cell operating in the same 
northerly drift direction, resulting in a theoretically 'low' beach 
immediately south of Llanina and a 'high' beach half way along 
Cei Bach bay (Fig .5.9^1. Cell 18 is the largest cell showing a southerly 
drift of sediment from Gilfach-yr-Halen where there is a potential 
low beach backed by high cliffs of the Aberystwyth Grits (Fig. 5.9a). 
A potential erosion zone south of Gilfach is followed by a depositional 
zone and a sediment bulge (a/e point) near Graig Ddu.
Northwards from Gilfach, cell 19 indicates alternate zones of erosion 
and depostition with a northerly transport of material resulting in a 
depositional site and 'high' beach at Aberaeron south. The model 
identifies a potential erosion stress point at the harbour mouth at 
Aberaeron with zones of erosion both south (cell 20) and north (cell 21). 
The littoral drift system in this locality is obviously influenced by 
man-made protective structures which front the town of Aberaeron for 
some 1km.
Cell 21 again shows northerly drift of material and a 'high' beach 
south of Aberarth where it coincides with a southerly drift of material 
from cell 22. A potential low point at the boundary of cells 22 and 23
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coincides with the mouth of the river Arth while cell 23 has a zone 
of potential erosion followed by one of deposition which extends 
along a 2km length of high cliffs of the Aberystywth Grits between 
Aberarth and Morfa.
The size of cell 24 (0.2km) near Graig Ddu again questions its 
validity and the delimitation of a 'high 1 and 'low' beach within 200m 
of one another becomes problematic. Cell 25, which covers the beach 
around Morfa Farm headland, shows alternate zones of. erosion and 
deposition with an overall northerly sediment drift resulting in a 
potential 'high' beach at the boundary of cells 25 and 26 which is 
directly opposite the mouth of the river Clydan. Cell 26 suggests 
southerly drift of material for 800m from the boundary with cell 27 
at the mouth of the river Peris and a theoretical 'low' beach.
Cell 27 extends for some 3km around Llansantffraid headland and 
shows several sub-zones of erosion and deposition but a net northerly 
drift of material leading to net deposition and a high beach sediment 
volume at Llanrhystud storm beach. Net southerly drift is indicated 
in cell 28 from a potential 'low' beach at the mouth of the river 
Wyre and net northerly drift in cell 29 which has the maximum 
longshore transport value of the 15 cells within the study area and 
extends some 6km northwards from Llanrhystud past the rocky buttress 
of Carreg-ti-pw towards Morfa Bychan.
5.7 Limitations of model and possible qualifications for its usefulness
There are numerous potential errors inherent in the modelling of such 
a littoral drift system. The imperfections of the model and the limitations 
of the theoretical base and interpretation have been discussed in detail 
by Greenwood and McGillivray (1978). It is sufficient here to list 
the problems associated with the model in terms of this study.
All refraction programmes are dependant on the quality of the two 
major sets of input data - bathymetric and wave climate. The lack 
of British Admiralty charts for Cardigan Bay at scales larger than 
1:75,000 means that the grid spacing and therefore the positioning 
of wave orthogonals may lack sensitivity.
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TABLE 5. 2. Predicted longshore position of sediment cell 
boundaries (chainages given in Figs. 6.2a-g)
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Hogben and Lumb's (196?) wave climate data has been criticised by 
Hansom (1983) for being non-representative of the area as the data 
comes only from shipping routes in the Irish Sea. Also not taken into 
eonsideration are extreme storm events operating in Cardigan Bay which 
may induce more persistant sedimentation patterns (Bowden and Orford, 
1982), although such low frequency occurrences should scarcely affect 
the distribution of H and T in Section 5.3.
The problem of wave energy diffraction and the influence of tidal 
currents on longshore transport have been ignored although the effect 
of the latter is thought to be minimal and only affects the sand size 
sediments.
Because the constant K was unknown for the area the selection of a 
suitable value in the conversion of P, values to actual potential 
sediment transport was problematic. The value of K must be considered 
as a constant applicable only to the particular stretch of coastline 
under consideration and probably reflects the influence of factors 
such as beach slope, breaker type and sediment size (e.g. Kamphuis 
and Sayo, 1982; Bruno et al, 1980).
The original cell delimitation for the Cardigan Bay coast made 
use of Komar's (1971,1976) figure of 6.85, based on the work of 
Inman and Bagnold (1963). However, sediment volumes by this method 
were seen to be major overestimates when Canadian studies of high 
(>3OO unconsolidated cliffs dominated by obliquely impinging waves 
could only generate total drift volumes of half this amount. 
(Davidson-Arnott and Amin, 1983). Intuitive use of CERC's (1976) 
figure of 0.32283 produced a more realistic estimate.
In practical terms, there are limitations to the accuracy of the 
results presented in this Chapter. For instance, on such a macro- 
longshore model, the accuracy of the positions of peaks of wave 
energy projected onshore as potential stress points may be questionable, 
as will the location of the sediment cell boundaries. Also unknown 
is how the actual supply and movement of longshore sediment 
propcs ed by the model is being affected by coast protection measures, 
notably the large number of groynes in existence.
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By definition any modelling procedure involves abstraction and 
simplification of the real world state, in this case the sediment 
budget. It is reasonable to suppose that, as in most sediment 
budget studies, the actual input data may be order of magnitude 
estimates. However, it will not alter the overall pattern and,in 






"The beach profile is important in that it can be viewed as an 
effective natural mechanism which causes waves to break and dissipate 
their energy. The beach serves as a buffer, protecting sea cliffs and 
coastal property from the intense wave action" (Komar, 1976, p288).
It follows that if there is a long-term loss of beach material 
it will increasingly reduce the beach's capability as a buffer and 
coastal erosion will become progressively more probable. The presence 
of shingle beaches acting as a buffer against cliff erosion has long 
been considered as a vital element in coastal stability (Owens and 
Case, 1908) and the distribution and size of such beaches along the 
Cardigan Bay coastline may be a major contributing factor to the 
spatial variability of cliff erosion.
Beaches respond to tide and wave action and a few basic relationships 
have been established such that exists between wave type and beach 
gradient e.g Shepard and LaFond (1940), Shepard (1950) and Bascom (1954), 
and more recently the association between breaker type and beach 
gradient (Wright et al., 1979,1982).
The profile or cross-section at any time is determined largely by 
antecendent wave conditions. Low-energy swell waves during '^summer 
periods" build up the berm and beach face forming a steep profile while 
during "winter periods" high steep waves are normally destructive, 
eroding the beach face and transporting material seaward. Destructive 
waves are normally associated with storms and high wind velocities - 
strong onshore winds generate steep seas as well as raising the tide 
level above its normal predicted height.
During winter months a rapid succession of storms can result in 
considerable material being shifted offshore and acute erosion. Where 
storms are separated by quieter periods the protective berm may not be 
entirely removed and erosion is minimal. Not only the severity but the 
succession of storms is therefore important.
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The annual change in beach profile is commonly referred to as 
the winter and summer profile. This terminology, however, is sometimes 
misleading as seasonal connotations are not always correct and 
preference is given here to the descriptive terms storm and swell 
profile.
In addition to onshore-offshore shifts of material,variations in 
the longshore direction must be considered and the problem of monitoring 
beach profiles becomes a three-dimensional one.
In the present study a comprehensive field survey was undertaken. 
The purpose of this survey was 2-fold in that it attempted to identify
(i) by beach profiling and associated sediment sampling, any long-term 
changes in longshore beach sediments as well as short-term 
fluctuations which reflect offshore-onshore transport of material
(ii)the presence of high and low beaches these being the boundaries 
of sediment cells theoretically predicted by the wave refraction 
model and listed in Table 5.2.
6.2 Beach nomenclature
A beach in profile can be defined as the dynamic zone over which 
sediments may be moved by waves. Komar (1976) used the term littoral 
to denote this zone and considered it to extend from the upper limit 
of wave action to water depths of some 10 to 20 metres at low tide.
A more simplistic definition by King (1972) confined the beach to 
that zone from the upper limit of wave action to low water of spring 
tides. Although perhaps not as precise a morphological definition it 
does describe that portion of beach that can be seen and physically 
measured most easily.
Along most of this section of coastline within the study area, the 
upper limit of wave action coincides, or nearly coincides,with the 
base of the cliffs. The beach therefore is easily defined as the area 
between the base of the cliffs and mean low water mark. Where an area 
of storm beach intervenes between the high-water mark and the coastline 
itself then the precise limits of the beach system become more uncertain.
As no standard set of terms exists for describing beach profile
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features, Fig 6.1 illustrates the terminology used and the variables 
measured along the beach profile.
The backshore is the zone of the profile extending landward from 
the top of the beach face to a change in physiography - usually sea 
cliff or clay slope.
The foreshore is the sloping portion of the beach profile lying 
between high and low water mark. This term is often synonymous with the 
beach face but in terms of this particular study is inclusive also of 
some of the flat portion of the beach profile below the beach face. 
The foreshore is therefore divided into the UPPER foreshore (steeper 
section) and LOWER foreshore (flat section), the line of demarcation 
between them being a sudden change in angle producing a 
significant 'kink 1 in the beach profile.
6.3 Beach monitoring - methodology
Beach monitoring has become a very sophisticated technique. Modern 
methods for monitoring beach movement include photo-radiation (Collins 
and Madge, 1981) and the use of routine stereoscopic survey and 
photogrammetric levelling techniques incorporated into computerised 
systems (Foxley and Shave, 1983).
Any analysis of changes in beach morphology requires repeated 
sampling in space and time. Initially a survey method had to be chosen 
with the capability of surveying some 20km of foreshore within a 
relatively short period of time and within necessary cost limits. Aerial 
surveys were cost-prohibitive while maps and charts gave only limited 
information (see Chapter 3).
It was decided at the outset that the only feasible means was the 
well-tried method of ground surveys by engineering level and staff. For 
surveys on beaches which were inaccessible or where access was dangerous 
limited use was made of an amphibious DUKW.
These ground surveys were supplemented by aerial photographs taken 
from a Cessna light aircraft flying out of Cardiff Airport in July 1983 
and again in April 1986. These sorties were carried out at low spring 
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FIG. 6.1 Schematic diagrams showing nomenclature used to describe 
beach profiles
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exist. However, these aerial surveys could not be used to interpret 
beach volumes as there was no data base from which comparisons could 
be made.
For the ground surveys, automatic precision levels (Zeiss model 
NI-050 and Pentax model PAL-5C),levelling staffs and Fibron tapes 
were used. The attainable accuracy for these instruments was - 5.0mm 
and - 2.00mm respectively in 1km of double run levelling.
Bench marks at frequent intervals along the coastline were located 
from National Grid Ten Metre References given in Ordnance Survey Bench 
Mark lists. Because some of these bench marks were no longer existing 
or were sited several kilometres inland, a system of temporary bench 
marks (T.B.M's) was established. The coastline was divided into several 
zones, the position of the T.B.M's within these zones being largely 
defined by ease of access and natural features such as headlands or 
river mouths.
Terminology is that in common use in surveying. Heights above sea 
level are shown as m A.O.D (metres above Ordnance Datum). Positions 
alongshore every 100m were set out by tape and ranging rods and are 
referred to as chainage points. Intervening points between stations 
are shown to the nearest metre e.g ch. 3^ + 75 refers to a point 75m 
from station 3^, 3^75m from the starting point. All these chainage 
points are shown in Figs 6.2a-g and reference is made to them in the 
following text.
Chainages run from north to south and contrast with the south to 
north order of sediment cells discussed in section 5.6 and to the 
assessment of long-term recession made in section 3-7.
The decision to establish the start point at Llanrhystud north beach 
and to run increasing chainage from north to south was necessary partly 
because of the availability of bench mark data and partly because the 
decision to extend the survey south of Aberaeron was only taken some 
12 months into the project.
6.3.1 Longshore survey of beach morphology
The longshore survey involved establishing beach profile stations
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6.2a Position of beach profiles in longshore survey
(large figures in red indicate specific case-study sites)
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FIG 6.2b Position of beach profiles in longshore survey
(large figure in red indicates specific case-study site)
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FIG. 6.2c Position of beach profiles in longshore survey










































































































































every 100 metres along the coastline between Llanrhystud In the north 
(chng.O + 00) and Aberaeron (chng. 107 + 00) with further stations 
every 200 metres between Gilfach-yr-halen and New Quay in the south 
(Fig. 6.2 a-g),
Along the section between Aberaeron and Gilfach, where the beaches 
are backed by high steep cliffs of the Aberystwyth Grits, dangerous 
access and narrow beaches only exposed for short periods of time 
precluded ground surveys. Beach profiles in this area were interpolated 
from the aerial photographs.
The survey was carried out in summer and autumn of 1984 and completed 
in the summer of 1985. These periods were considered to represent average 
conditions. Winter surveying was avoided as it might show extreme 
seasonal trends in the beaches. Detailed topographic profiles were 
taken from the established T.B.M's located well above the high water 
level and extended out to low tide mark. Along each profile,note was 
taken of nearshore low slope, beach slope, storm ridge where present, 
top of beach, foot of cliff.and top of cliff where practicable.
All beach and lower cliff variables are tabulated in the Appendix. 
Beach sediment volumes were calculated as per Fig. 6.1. Total beach 
volume was assumed to be the volume of sediment represented by the 
profile area measured above zero Ordnance Datum per unit length 
of beach. For the purpose of this calculation the cross sectional 
area at each profile was taken as a right-angled triangle with the 
beach dropping vertically from the foot of the cliff, slope or 
structure (see Fig. 6.1). This obviously does not take into 
consideration the slope of the cliff or wave-cut platform but is 
considered suitable for comparative purposes.
The beach face or upper foreshore volume was calculated from 
the triangle formed by beach height and volume, the base of the triangle 
being an extension of the beach terrace through to the back of the beach.
As well as the height or width of the beach in relation to a 
backshore feature (cliff, slope or structure), the beach volume as
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depicted by profile area may govern the beach's capability as a 
defence against coastal erosion.
The considerable mass of data created by the survey was stored on 
disc and beach profiles plotted for each chainage. A computer programme 
was written for plotting 3 dimensional perspectives of sections of 
shoreline. Fig 6.3 shows the section between Aberarth and Aberaeron.
While this ad hoc survey was of practical value in assessing the 
validity of the theoretical prediction of beach heights established 
in Chapter 5, such an investigation can only show changes as moment 
situations and the need for future back-up surveys is recognised if 
any long-term trends of sediment movement are to be clarified.
6.3.2 Specific case-study sites
As the predictive model depicts long-term conditions of beach 
morphology, any comparison with the actual beach structure will be 
false if the beaches measured in the long-shore survey are not 
typical of average conditions. Selected beaches were therefore 
surveyed at regular intervals to eliminate any seasonal trends in 
profile.
During 1983 a number of sites were established at potential erosion 
points along the coast. The position of each site was estimated from 
a first approximation of possible low beaches as indicated by potential 
sediment cell boundaries (Fig 5. 8 )•
Changes in beach profile have been considered an important aspect 
of the variability of any coastal environment (Christiansen and Holler, 
1980). Profiles were therefore surveyed at bi-monthly intervals and, 
where practible, after storm events. As samples must come from some 
comparable point, the mid-tide position was chosen, this point, advocated 
by Bascom (1951) being deemed sufficient to describe the character 
of the beach material.
The difficulty of obtaining accurate estimates from any sampling 
proceedure is acknowledged and in evaluating the grading of the beach 
material from a single sampling point one has to be content with a 
subjective and possibly less accurate estimate. Particle size distribution 


















































































any deviation would influence the final estimate. With hindsight 
a better method would have been to collect sediment samples from 
different positions along the profile (see Krumbein and Slack, 
1956 on sampling of beach environments).
Several of the beaches showed pockets of sand covered by a thin 
veneer of shingle. These conditions are continually changing which 
further complicates sampling accuracy. Conversations with local 
residents indicate a general loss of sand from the area in the last 
two or three decades. This particularly applies to the beaches that 
front the villages of Aberarth, Llannon and Llanrhygtud.
6.4 Offshore/onshore effects on beach profile
"The movement of beach material normal to the coast is mainly 
responsible for the very considerable changes which occur from time 
to time on the foreshore" (King, 1972, p345).
A natural beach profile changes almost continuously in shape due 
to varying boundary conditions e.g. wave height, tide level, onshore 
winds. Whilst Hanson (1969) provided empirical equations that related 
changes in beach profile to some 14 controlling process variables, no 
attempt is made here to interpret the variability of profiles in terms 
of such variables.
Observations on beach changes along the Ceredigion coast are applied 
to short term variability at several sites where erosion is problematic. 
These changes are assessed by the net change in the beach height, the 
quantity of sediment on the foreshore and the mean slope of the foreshore. 
For the sake of conciseness, only essential figures are quoted in the 
text; full results are tabulated in the Appendix.
Figs. 6.4a-h show sweep zones for the period August 1982 - August 
1983 for profiles 1-6 and for two separate periods for profiles 1A and 
6A. These eight profiles cover the section of coast between Llanrhystud 
in the north, profile 1 (chng. 1+00) and Aberaeron in the south, profile 
6A (chng. 114 + 00).
Profiles were established at 200m intervals on New Quay (chng.174-192) 
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FIG. 6.4a Llanrhystud - Profile 1. Sweep zones for the period
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Llanrhystud - Profile 1a. Sweep zones for the period
Jan '84 - Nov '84 
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FIG. 6.4c Llansantffraid - Profile 2. Sweep zones for period
Aug '82 - Aug '83
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Distance from top of beach (m)
FIG. 6.4d Llanon - Profile 3. Sweep zones for period
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FIG. 6.4e Morfa - Profile 4. Sweep zones for period
Aug '82 - Aug '83
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FIG. 6.4f Aberarth - Profile 5. Sweep zones for period
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Aberaeron - Profile 6. Sweep zones for period
Aug '82 - Aug '83
100
Distance from top of beach (m)
FIG. 6.4h Aberaeron - Profile 6a. Sweep zones for period
Oct '83 - Mar '84 
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profiles for the period December 1982 - January 1984 are shown in 
Figs 6.5 a-d.
These sweep zones cover the envelope of beach changes during the 
period they represent. More detailed changes in beach foreshore for 
individual profiles 1, 3 and 5 are shown on a larger scale in Figs. 
6.6 a-c. Particle size distribution curves for mid-tide sediment 
samples are summarised for each profile in Figs. 6.7 a-h.
6.4.1 (i) Llanrhystud north beach. Profile 1 (chng. 1 +00).
This shingle beach forms part of a shallow embayment and fronts 
low-lying cliffs of glacial drift. Profile 1 extends from a concrete 
slipway at the edge of the adjacent caravan park.
There is evidence of small local falls of material along the cliffline 
and although this part of the beach is protected to some extent by 
the shallow headland formed at the mouth of the river Wyre immediately 
to the south, the coastline is orientated such that it faces nearly 
due north and is therefore subject to direct attack from the north 
westerly storm waves.
The beach is narrow and steep, the mean cross-sectional area at
2 the profile being only 90m . Beach height increases northwards from
the study area and the highest level is observed near the buttress of 
Carreg-ti-pw. Here there is a significant build-up of shingle where 
drift has obviously been impeded by the rock cliffs.
Fig 6.6a reveals a gradual accumulation of the beach foreshore 
through late summer and autumn to give a maximum beach height of 5.5m 
above O.D in early December. Severe gales on 30.1.83 and 6.2.83, when 
hourly mean wind of 32.6 and 36.7 knots respectively were recorded 
at Aberporth for 24 hours, resulted in a scouring of the beach face 
with a significant lowering of beach level by some 1.5m. Volume loss 
was measured at 30% of the original effective beach volume, although 
the loss in terms of overall beach volume, at 16%, is less significant. 
The subsequent spring and summer profiles indicated a gradual 
replenishing of beach volumes and the additional survey carried out 
in July 1985 confirmed no underlying long-term trend of accretion or 




















FIG. 6.5a Sweep zones for profiles 160, 162, 164 and 166






FIG. 6.5b Sweep zones for profiles 168, 170, 172 and








FIG. 6.5c Sweep zones for profiles 176, 178, 180 and 182




FIG. 6.5d Sweep zones for profiles 184, 186, 188, 190 and 192






































FIG. 6.6c Profile 5, changes in beach foreshore
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FIG. 6.7h Grading envelope for mid-tide samples. Profile 6a
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Sediment samples taken at mid-tide positions (Fig. 6.7a) indicate 
well graded gravels with little or no sand. The figure suggests a 
coarsening of beach material during the summer months from a median 
grain size of 10mm during Dec-Feb to 40mm during Jun- Aug.
6.4.1 (ii) Llanrhystud storm beach. Profile 1A (chng. 12 + 00)
Although this is not a section of the coast that poses immediate 
concern in terms of land recession, local farmers are concerned about 
the periodic flooding of adjacent agricultural land where the drift 
platform in places falls to 4m below the beach crest. The storm beach 
at its highest point to the north of the bay is orientated in a 
030° - 210° direction and again lies normal to the dominant westerly 
to north westerly storm waves of the Irish Sea.
It is possible that the origins of this storm ridge were related 
to higher sea levels of a possible Flandrian age (Haynes et al, 1977) 
although Orford (1978) has taken the view that crest sedimentation has 
occurred as a result of overtopping of the beach crest by swash activity 
during winter storms.
Random surveys taken at Profile 1A, positioned half way along the 
storm beach, indicate no change in beach morphometry during 1984 but a 
significant overtopping of the ridge during early 1975 (Fig 6.4b). 
Evidence of this process at +7.Om O.D had been observed by Orford 
(1977) when overtopping of the shingle bank by run-up transported 
coarse sediment from the beach face over the crest to the back beach 
area.
Mid-tide sediment samples taken at this profile (Fig. 6.7b) showed 
considerable variation in grain size - from cobble and coarse gravel to 
uniform fine to medium sand. These differences would appear to be a result 
of intertidal covering and exposure of sediments rather than t© seasonal 
differences. Another explanation for this variation could be put down 
to the phenomenon of cusp development, frequently observed along this 
beach, when surveyed profiles can cross alternating positions of cusp 
centre and horns.
Surveys are likely to be needed for more than a decade to clarify 
any regular trend for loss or gain of beach material. However,
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Llanrhystud storm beach is the one section of this coast that can be 
assessed in terms of longer term fluctuation as comparisons can be made 
between the present survey and that in 1971 by Orford (1973).
Because the 1971 survey concentrated on relative horizontal and 
vertical distances between storm ridge and wave-cut platform the overall 
profiles are more simplistic in that they have been drawn from only 3 
points. Also the siting of these profiles along the beach has been 
plotted from large-scale map features. However, the general shape and 
position of this series of profiles is considered accurate and when 
superimposed on the 1984 profiles, valid comparisons can be made.
Fig 6.8 gives a direct comparison of 3 profiles together with an onshore 
view of the changes in height of various beach features along 800m of 
beach.
Some variance was noted during the study period (1983-5) in the 
position of the sand zone that exists between the pebble ridge and the 
rock platform. This zone is over 100m wide in places and does appear 
at higher levels in the centre of the bay particularly at profiles 
13 and 14 where it is nearly 1m higher. The relative widths and heights 
of the storm beach has varied little in the 14 year period. The 
position of the shingle edge has moved seaward by some 10m in this 
intervening time although the overall level of the sand/shingle 
interface has remained constant.
The bulging of shingle at the base of the beach face is apparent 
in the 1984 profiles but the increase in beach volume is difficult to 
quantify. During 1971 survey beach crest height along Llanrhystud beach, 
as represented by the seaward edge of the ridge top, showed consistent 
values around 6.4m above O.D. The rise in level from 6.4 to 7.5m above 
O.D represents an overall increase in beach volume of only some 3-4%.
There appears to be little or no lateral movement of beach material 
within the embayment and no evidence to support the northerly drift of 
sediment suggested by both Steers (1946) and Kidson (1963) for this 
part of Cardigan Bay. Examination of consecutive profiles shows there 
is no obvious increase in beach volumes northwards along the beach 















FIG. 6.8 Plan view and longshore profiles of changes in 
Llanrhystud storm beach 1971 - 8-4
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6.4.2 Llansantffraid beach. Profile 2 (chng. 38 + 00).
What have been defined by the writer as Llansantffraid (Profile 2) 
and Llanon (Profile 3) beaches are essentially sections of the same 
beach located in the small embayment formed by the shallow headlands of 
Llansantffraid to the north and Morfa to the south.
Llansantffraid beach to the north of the bay lies between the 
mouths of the rivers Peris and Clydan and aligns normal to west-north­ 
west (295°). This section fronts a cliff of till some 3m in height 
which is presently undergoing erosion, particularly at the southern end 
where private caravans sited near the cliff edge are constantly under
threat. Beach width is narrow and the cross-sectional area at Profile
2 2 is approximately 80m .
Level surveys and sediment samples indicate a stable beach. Sweep 
zones drawn in Fig 6.4c show a constant beach level with only the 
intermediate survey of 12.11.82 showing any deviation from the average 
profile - a scouring at the foot of the beach face and a loss of beach 
volume which was recovered by the following month.
Mid-tide samples (Fig 6.7c) show a consistency of gravel-sized 
sediments, well-graded from 100mm to 2mm with the 1983 October and 
November samples suggesting the existence of a sand pocket, possibly 
as a result of the uncovering of the gravel layer.
6.4.3 Llanon beach. Profile 3 (chng. 46 +00)
South of the river Glydan the cliffs continue at the same height 
and level for some 300m before being reorientated by some 30 ,reducing 
in level and forming the long sweeping headland of Morfa Mawr. Before 
the headland beach levels are correspondingly low and fall below 4.0m 
above O.D.
On a historical note this section of beach was at one time 
retained by a breakwater (chng. 47 + 30) which gave ships access to the 
old limekiln. During the 19th tentury these limekilns provided Ceredigion 
with agricultural fertiliser and mortar for building. Ships would come 
close to shore at high tide to discharge limestone overboard which was 
then collected from the beach at low tide.
159
At the now derelict breakwater a fall in beach level from south 
to north is discernible and measured cross-sectional volumes decrease 
by up to 40%. Whilst the breakwater may at one time have given beach 
and cliff some stability it is worth noting that the site of the old 
limekiln is now under threat.
Sweep zones (Fig. 6.4d) again show a gradual build up of beach 
volumes during late autumn and erosion of the beach face during 
January storms. Beach profile has been maintained with the maximum 
range of movement at the cliff base being only 0.8m. Grading curves 
(Fig. 6.7d) show a medium to coarse gravel with some cobbles.
6.4.4 Morfa Beach. Profile 4 (chng. 57+00)
This is a small embayment at the mouth of the river Morfa. North 
of the river the shingle beach fronts cliff of till some 4m in height 
where erosion is prevalent . South of the river, where the beach is 
backed by steep slopes of glacial material banked against the country 
rock, the rate of slope retreat is not known but the well-grassed 
slopes suggest stability.
From the position of the beach immediately north of a 1.8km long 
section of high sea cliffs it is apparent that drift sediment is 
impeded by the rocky shoreline. Monitoring of a rockfall in the 
Aberystwyth Grits at chng. 61 + 00 suggest that the time lag before 
any sediment from the cliffs reach adjacent beaches is considerable. 
Finer material may well be lost offshore which accounts for the 
dominance of large boulders in the area.
The beach profile is stable with seasonal change minimal (fig.6.4e) 
Beach grading is also constant (Fig. 6.7e) indicating gravels well- 
graded from 150mm down with some sand.
6.4.5 Aberarth beach. Profile 5 (chng. 89 +00)
This beach fronts the village of Aberarth where substantial 
alterations to revetment works in the early 1970's has ensured 
stability. This section of beach is retained by numerous groynes and 
backed by a series of longshore gabions which gives artificially 
high values of beach height.
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East of the groyne system, the 400m section of beach (chng.87 + 50 
to 91 +50) is backed by vertical cliffs of till some 5 metres 
high. At chng 89 the series of beach profiles (Figs. 6.6c) indicate that 
shingle is generally accreting at the top of the beach during the 
sunnier and autumn months. This upper foreshore zone is susceptible 
to January storms when material is lost from the beach.
Particle size distribution curves (Fig. 6.7f) show a consistency 
of grading with all the mid-tide samples in the fine to coarse gravel 
zone. The average grading has a median grain size of 15mm.
Along this section beach levels at foot of cliff are lower than 
normal and at chng. 92 + 00, where the coastline is reorientated by some 
30°, this lower beach level allied with a change in till facies has 
contributed to a marked increase in contemporary cliff retreat rates.
6.4.6 (i) Aberaeron north beach. Profile 6 (chng. 109 + 00 app.)
The north beach at Aberaeron fronts a substantial sea wall which 
has been improved in recent years. The beach is retained by a series 
of groynes and beach volumes are consistent. (Fig. 6.4g).
Sediment samples vary in grading from coarse sand (January) to
coarse gravel (June) but this variation could be as much due to local
variability in beach sediments as to seasonal differences (Fig. 6.7g).
6.4.6 (ii) Aberaeron south beach. Profile 6A (chng. 114 + 00)
Lying immediately south of the harbour mouth at Aberaeron this 
shingle beach displays a simple storm ridge typically found in pocket 
beaches between two headlands (Carr, 1983).
In Fig. 6.4h a typical swell profile for late autumn is characterised 
by a temporary berm which has been removed in the January profile. 
Beach sediment in the main consists of cobbles and coarse gravel 
(median size 45mm) (Fig. 6.?h).
6.5 Longshore movement along beaches
6.5.1 Shingle beaches at Llanrhystud, Llanon and Aberarth
In August 1982 direct measurements of pebble characteristics 
were undertaken every 100m along the coastline, the coastline being
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divided into three main embayments largely defined by shallow 
headlands although the exact demarcation of these from maps was 
subjective.
This exercise was an attempt to give some indication of material 
distribution along the shingle beaches and, as such, was more 
concerned with sediment movement caused by longshore transport than 
with the nature of any relationship of individual pebble movements 
to wave criteria.
Shingle, in this context, is used to describe beach pebbles, 
generally rounded or sub-rounded, having a long axis of between 
4 and 256 mms. In descriptive terms for grain size these include 
gravel (2-60mm) and cobbles (60-200mm) although the constituents 
of storm beaches can exceed this size range as, for example, at 
Llanrhystud.
A group sample of 100 individual pebbles was measured at each 
profile from within the high-tide zone, this location being considered 
more representative of the larger-size fraction transported by the 
higher wave forces prevalent in Cardigan Bay. Caliper readings of the 
three major axes (a, b and c) were recorded and shape indices based on 
these axial ratios were calculated as per the sphericity concept 
proposed by Speed and Folk (1958).
Carr (1983, p97) has commented that " the criteria for pebble 
sorting along and across the inter tidal beach vary, with sometimes 
size and sometimes shape being important, and it is not yet apparent 
as to how specific wave parameters affect this process".
In most research where pebble measurements have been made it has 
been the long (a) or intermediate (b) axis which has been taken although 
studies at Chesil Beach, Dorset (Carr, 1974) and Start Bay, Devon 
(Gleason et al., 1975) indicate that it is invariably the short (c) axis 
that gives the best correlation between distance travelled alongshore 
and a specific pebble axis. However, the various field results obtained 
from research work point to a more complex situation and grading trends 
are often reversed.
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As sieving is also governed by the intermediate axis it seemed 
logical to take the 'b 1 axis as indicator. Group mean values for 'b' 
axis were calculated and the relation between particle size and 
position along shore is shown in Figs. 6.9a-c.
At Llanrhystud there is a considerable difference in the mean 
particle sizes (b = 36 to 68mm) with a coarsening of beach material 
ft?om S.W to N.E. This trend is again seen at Llansantffraid - Llanon 
(b = 37 to 58mm) but not as obvious at Aberarth where smaller size 
material is evident (b = 28 to 48mm) and where the groyne system at 
the northern end of the beach may influence longshore transport.
Shape factor appears unimportant and may be due to the rather 
limited range occurring (S & F index 0.46 to 0.52). Carr (1983) has 
suggested that the comparative unimportance of shape factors at 
Chesil Beach may also be as a result of higher wave energy on the 
strength that many other beaches where shape sorting has been described 
e.g. Cailleux (1948), Humbert (1968), Carr (1974), Gleason et al., (1975) 
and Carr and Blackley (1975), are in relatively low energy environments.
6.5.2 New Quay and Cei Bach beaches
New Quay and, to a lesser extent, Cei Bach bays exhibit in plan 
the concept of the classic crenulate shape bay approached by Jennings 
(1955) and later Davies (1958) and developed by Silvester (1960) 
using model studies.
The equilibruim shape for the coastline, with oblique swell from 
the N.W., is that of a half heart, the curved portion at the up coast 
end (New Quay Head) and the tangent section at the down coast end 
(Llanina Point).
The northerly or, more exact, north westerly direction of net 
sediment transport has been indicated by the littoral drift model 
(chapter 5) and can be deduced from accumulation against groynes at 
several locations along the coast. Along New Quay and Cei Bach beaches 
this north easterly drift of sediment appears to be indicated by a 
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FIG. 6.9 a-c Relationship between pebble sizes and 
position alongshore
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Mid-tide grading is used as a predictor of transport direction 
and there are numerous examples of both fining and coarsening along 
transport paths. Along beaches size may either increase, as in the 
case of East Anglia (Cambers, 1973; Craig-Smith, 1973 and McCave, 
1978) and Cape Cod (Schalk, 1938), or decrease as in the case of 
southern Long Island, New Jersey (MacCarthy, 1931) and Cedar Point 
on Lake Erie (PettiJohn and Ridge, 1932).
Grain size was determined in samples taken from the mid-tide 
positions of the beach face (Profiles 160 - 192) at 3-monthly intervals 
over an 18 month period. Gravel size was removed from the samples so 
that data represented only the sand fraction although the frequency 
of occurrence of sizes larger than 2mm was rare.
Information presented in Table 6.1 shows the mean grain size at 
each profile along the two bays. The figure shows little seasonal 
variation in grain size and no overall pattern of sediment movement, 
suggesting perhaps that tidal currents simply work and re-work 
sediments along the beach.
It is possible to conclude therefore that longshore drift is 
minimal and that, except for minor periodic cycles of reversed movement 
of material, these particular bays are approaching equilibrium with 
little sediment being supplied to, and passing through, each bay.
6.6 Comparison of theoretical and actual longshore beach morphology
The usefulness of the wave refraction model designated in Chapter 
5 in identifying zones of erosion and deposition along the Ceredigion 
coastline was gauged in terms of a comparison between predicted and 
surveyed beach morphology.
In sections 6.4 and 6.5 seasonal trends in sediment movement have 
been accounted for and it has been deduced that the beaches are 
generally stable and that present day conditions are characteristic 
of the longer term. As the model represents long-term beach structure, 
comparisons with the field survey are therefore valid.
Fig 6.10 shows a, simplified map where data from the model is 








































































































































TABLE 6.1 Grain-size median variation in mid-tide samples for 







































































































































































'low' beaches have been interpolated from the profile data presented 
in the Appendix. As sediment cells presented are numbered from south 
to north, the following discussion will gauge correspondence between 
predicted and actual zones of erosion and deposition, starting at New 
Quay in the south and ending at Llanrhystud in the north.
Increasing deposition is identified to the north eastern ends of New 
Quay and Cei Bach bays though the model predicts a depositional zone to 
the south-west of both bays. This discrepancy may be explained by one 
of several reasons:-
(i) wave diffraction induced by New Quay Head
(ii) tidal currents within the two bays
(iii) wave shadow areas due to shallow offshore rocks off the two
headlands of New Quay Head and Llanina Point 
(iv) presence of engineering structures
As noted in section 6.5, New Quay bay, and Cei Bach bay to a lesser 
extent, are quite sheltered from winds from south east through south 
to west but with the winds northward of west a heavy sea swell rolls 
into both bays.
The complex circulation within New Quay bay is indicated in Fig. 6.11 
where tidal currents produced by the ebb and flow of tides alternate in 
direction in the nearshore zone. Although of limited importance in 
terms of sediment flow on open coasts, in New Quay and Cei Bach the 
velocity of tidal currents in a locally restricted zone is related 
to tidal range and may temporarily exceed 3km/hour.
The natural morphology of headlands such as New Quay Head and Ina 
Point may impede the longshore drift of sediment but the lack of 
deposition at the westerly ends of both bays must also be related to 
the presence of engineering structures.
New Quay beach and harbour are protected by a stone pier extending 
some 200m eastwards from the mainland. Small piers near the lifeboat 
station and Ina Point (both recently extended in 1984) give further 
protection to the westerly sections and further inhibit the north 
























































the model littoral drift system is influenced by external impacts 
such as these engineering structures. The effect of any structure 
would depend not only on its type and size but also the sediment 
zone in which the structure occurs and the position of that zone 
within the integrated system.
At Cei Bach the section of beach immediately after Llanina 
headland may also be affected by a "wave shadow area" caused by 
a reef of rocks extending about 0.5 km from Ina Point in a north 
westerly direction, most of which is exposed at low tides. This would 
explain the absence of the deposition zone predicted by the model, 
although profile 168 is locally high within a 400m length of beach, 
(Fig. 6.10). In the centre of the beach the groyne system and sewer 
outlet aligned normal to the shore in a zone of easterly transport 
has not had any noticable effect on sediment movement.
The rock buttress at the north eastern end of Cei Bach bay 
prevents further sediment drift and beach profiles no's 162 and 
160 show a build up of beach material, with the top of beach at 6m 
above O.D and a narrow storm ridge.
Around the buttress the profiles show a gradual lowering' of 
beach heights to 1m above O.D at profile 148. This higher beach level 
near Graig - Ddu could be indicative of the longshore sediment protrusion 
suggested by the model.
Between Cei Bach and Gilfach-yr-halen the model predicts a 
depositional zone with drift directed to the south. In contrast the 
area indicates a general deficiency of material, although the complex 
morphology precludes any definite statement of sediment drift trends. 
This section of coastline is characterised by caves and jagged-rocks 
with a narrow rock platform and scarcity of beach sediment.
The predicted low beach at Gilfach-yr-halen is substantiated; a 
high beach measured at the mouth of the river Gilfach, with a large 
cross-sectional volume of material relative to the remainder of the 
beach, can be explained by fluvial deposition.
170
North along Gilfach beach from the river mouth the gradual 
reduction in beach volumes is consistent with the erosional zone 
indicated in the model. Aerial photographs suggest an intermediate 
sediment bulge along the coast towards Pen-y-Gloyn with an 
equilibrium point at the headland. The net result of northerly drift 
within this sediment cell is the high steep beach immediately south 
of Aberaeron harbour.
The section of the Aberaeron waterfront is the area of coastline 
most modified by man's influence, beginning with harbour developments 
in the early 1800's. Coastal structures north-east of the harbour exist 
in an area predicted as predominantly one of transport and might be 
expected to have deleterious effects further east towards Aberarth. At 
the headland (chng. 102) the beach foreshore is up to 50m wide and 
consistently between 4 and 5m above O.D. Over a UOOm section the beach 
has been artificially built up with fill material. Old breakwaters in 
the vicinity of chng. 97 have further impeded the northerly drift of 
material. At chng. 93 + 00 a sudden reduction in beach volumes coincides 
with a section of high erosion (Table 3-1, site D).
Between chng. 93 + 88 there is a gradual steepening of the foreshore 
and the depositional node predicted for chng. 89 + 00 approximately 
is borne out in the survey by a high beach level of 4.6m above O.D. The 
model predicted an erosional node near the mouth of the river Arth 
where erosion had evidently been a serious problem in the past. In the 
early 1970's revetment works (chng. 87 - 83) have alleviated this 
problem and have afforded protection to the houses which fringe the 
cliffline.
Immediately north of the river mouth (chng. 82 - 78) a generally low 
beach is in agreement with the erosional zone predicted. The undercutting 
of boulder clay cliffs in this area is problematic.
To the east, at chng. 73 + 00 approximately, the model illustrates 
a zone of change from erosion to deposition but this depositional zone 
is not borne out in the longshore survey. The section of the Aberystwyth 
Grits between Aberarth and Morfa is similar in character to that south 
of Gilfach-yr-halen. This cliffed section reveals a gently sloping
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platform which extends from high tide level to beneath low tide level. 
The inner platform is generally narrow (<3m) and slopes at some 1:12 
and is devoid of pebbles and boulders. The outer platform slopes at 
some 1:80, is covered with large boulders and extends some 100m + to 
low water mark.
The high and low beaches predicted near Graig Ddu (N) - chngs. 63 
and 61 respectively - are not identifiable. The embayment at the mouth 
of the River Morfa has a relatively high beach (5.0m above O.D) which 
extends around the flat curve of Morfa headland and which is not 
predicted by the model.
Neither the depositional zone and high beach predicted at the 
mouth of the river Clydan (chng. 43 +00) nor the erosional zone 
and low beach predicted near the mouth of the river Peris (chng. 36 + 
00) is shown in the field survey which indicates a uniform beach 
between the mouths of the two rivers with little variation in beach 
height or volume. This embayment is the one section of coast where 
major inconsistencies occur between predicted and actual deposition 
which cannot conveniently be explained.
North-easterly drift around Llansantffraid headland leads to 
the significant depositional zone and high beach along Llanrhystud 
bay. Around Llanrhystud headland a predicted erosion zone and low 
beach is identified before the continuing northerly drift of material 
leads to a high beach near Carreg-ti-pw.
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CHAPTER 7. 
ENGINEERING PROPERTIES OF CLIFF MATERIALS
7.1 Introduction
Long-term evidence from map sources (Chapter 3) suggests active 
cliffline retreat along this section of the Cardigan Bay coastline, 
particularly in sediments of glacial origin. In this chapter, cliff 
material properties which influence behaviour in terms of erodibility 
are investigated.
A detailed study of the basic engineering properties of the various 
geologically distinguishable glacial deposits within the area has been 
carried out. At different sites samples have been taken to identify and 
classify the till materials and to ascertain the inherent variability 
within and between them. Because of their high stone content and high 
degreee of compaction, they presented special problems in sampling and 
testing.
Index tests which could provide useful comparison between the facies 
are discussed and a brief description of the field and laboratory tests, 
together with their applications and limitations, is given. An estimate 
of rock strength was obtained along the numerous rock exposures.
This section presents summarised results of standard tests carried 
out on samples of the main soil and rock types most commonly encountered 
and attempts to relate (i) the compressive strength of the cliff 
materials to long—term retreat rates and (ii) the properties of glacial 
soils to the contemporary retreat rates.
7.2 The Pleistocene history of the Cardigan Bay area
The detrital sediments enveloping the cliffs and hills of the 
Cardigan Bay coast have been interpreted by most workers as till 
(Section 3.3) although Watson - (1972) maintained that they could be 
perigdacial deposits and has drawn attention to similarities with 
deposits in N.W. France which are beyond the normally accepted 
limits of Pleistocene ice advance.
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As a means of identifying areas which were ice free during the 
last glaciation it has been repeatedly proposed that the distribution 
of periglacial structures and landforms is relevant, (Stephens, 1966; 
Mitchell, 1962, 1972; Synge, 1964; Stephens and Synge, 1966; Watson 
1965, 1972; Watson and Watson, 1967). Bowen (1973a\however, has 
considered that periglacial structures such as involutions, vertical 
stones and ice wedges are invalid as a means of time stratigraphic 
sub-division and that they simply indicate the former presence of 
permafrost.
Watson (1972) also claimed that pingo remains in Ceredigion 
demonstrate that ice free conditions existed during the last glaciation; 
Bowen (1973a)again has questioned whether the features described 
represent true pingo remains. Usage of other periglacial landforms such 
as solifluction terraces (Watson, 1968) in identifying ice free areas 
has been criticised by Potts (1971).
However, it was not the purpose of this study to attempt to 
recognise or contest the nature of the mode of deposition of these 
soils, suffice to state that they were probably deposited in the later 
stages of the Pleistocene glaciation over the bedrock of the Aberystwyth 
Grits of Silurian Age.
7.3 Till - general characteristics and related terms
The name "till" was originally applied in Scotland to a stiff, hard 
clay sub-soil, generally imperious and unstratified. Geikie (1863,P185) 
redefined it as "a stiff clay full of stones varying in size up to 
boulders produced by abrasion carried on by the ice sheet as it moved 
over the land."
The definitions of till have varied since then from one author to 
another but most stress the following characteristics:
1) Glacial origin
2) Presence of a variety of rock and mineral fragments of various
sizes, many of them having been transported a considerable distance
3) Poor sorting, in the geological meaning, i.e presence of a
wide range of particle sizes, usually with bi-modal or multi-modal
distribution
4) Lack of stratification, although some tills are foliated, or 
even truly bedded
5) Compactness or close packing, also with certain exceptions
Till can be considered the non-sorted variety of material implied 
by the generic term glacial drift (Lyell, 1839), in contrast to sorted 
glacial drift which may include material from high-energy glacial streams 
(glaciofluvial) or from low-energy glaciolacustrine environments and 
involve transportation and deposition by agents other than ice.
Other terms which have been used synonymously with till,particularly 
as descriptive terms, are the English term boulder clay and the French 
terms moraine and moraine profonde. As till is a clastic sediment not 
a landform (Harland et al., 1966), the word moraine is not perhaps a 
good synonym as it confusingly implies a drift land form not necessarily 
composed of till.
In engineering terms, till is regarded as an "unstriatified glacial 
deposit of clay, silt, sand, gravel and boulders that covers part of the 
rock surface in those regions which were glaciated during the ice age" 
(Terzaghi and Peck, 1967, p7).
In order to emphasize that till is a glacial deposit, the word 
"glacial" is often added. Goldthwait (1971, p3) however, stresses that 
"till is the only sediment stemming directly and solely from glacial ice", 
Hence, according to Flint (1971, p3) " the term (till) is both 
sedimentalogic and genetic the frequently used term glacial till is 
redundant". For this reason the short term till has been used generally 
in this study.
7.4 Classification of tills
Since one of the earliest engineering studies of glacial material 
was made by Legget (1942), numerous methods have been proposed for 
the classification of tills, most of which are based on grain size 
analysis.
Bennel (1957) used the range of water content between the liquid
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and shrlnkable limits of the fine grained fraction in his classification 
although this LS difference was later dismissed by McGown (1971). Grain 
size analysis using only the sand and clay percentages was suggested by 
Shepps (1958) while Elson (1961) plotted grain size distribution on 
Rosin and Rammber's "Law of Crushing" paper. Other methods include 
a statistical technique considering sieve sizes at which certain 
percentages by weight was passing (Chryssaforpoulos, 1963) and bi-modal 
particle size distribution (Dreimanis and Vagner, 1969).
McGown (1971) suggested a classification system based on lithology, 
depositional hisfory, mix proportions of coarse and fine fractions and, 
more importantly, the identity of the matrix. He noted that the variation 
in the engineering proportions of the fine soil fraction was greater 
than that of the coarse fraction, and that this often tended to dominate 
the engineering behaviour of the till.
An extensive review of the various types of glacial deposits and 
their engineering properties has been provided by Fookes et al, (1975). 
According to Boulton (1975) and Boulton and Paul (1976) the properties 
of any deposit are influenced by genetic processes and McGown and 
Derbyshire (1977) have since devised a quite elaborate system for the 
classification of tills. Their classification is based upon the mode 
of formation, transportation and deposition of glacial material and 
provides a general basis for the prediction of the engineering properties 
of tills. However, a glacial deposit can under-go considerable changes 
after deposition due to weathering, especially in coastal situations 
where the influence of wave action is important.
Particle size distribution and fabric are evidently among the 
most significant features as far as the engineering behaviour of a till 
is concerned. Till fabric comprises structures of primary and secondary 
origin, any of which may affect its strength and permeability. These 
include the deposition of clasts and, in particular, the preferred 
orientation of the long axes (a) of the larger rock fragments.
7.4.1 Till fabric analysis
Till fabric analysis is one of the most commonly used techniques 
in glacial geology although much of the hypothesis regarding the actual
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process by which tills acquire these fabrics is speculative. It has 
commonly been used to find information on the direction of movement 
of the depositing glacier and the mode of origin of the till,although 
to infer genesis by till fabric alone seems to be extremely difficult 
as so many different processes can produce similar results.
The term fabric was defined by PettiJohn (1957,p72) as "the 
orientation, or lack of it, of the elements of which a rock is composed", 
Fabric in till was noted a century ago (Elson, 1965) and has been 
described by Andrews (1971,p321) as "a sample of a 'population 1 of 
till stones at an exposure".
In the context of this study, fabric analysis may be useful in 
assessing the engineering behaviour of the till in terms of resistance 
to erosion. Field work was used to analyse a limited number of sections 
in order to observe any variability of till fabric, both within a 
single exposure and between adjacent exposures. All the fabric 
information presented alludes to the size and shape of the clasts 
and to the preferred orientation and dip of their long axes within 
the matrix.
7.4.2 Field Procedure
Macrofabric analysis was carried out at 10 locations within each 
of the 3 sites, A, B and D indicated in Figs 3.12 a and 3.12b. Site C 
at Mbrfa headland was not considered because of the shallowness of 
the till face (<1.5m) which in many places was overgrown and obscured 
by beach material. Sampling at the other 3 sites was limited to the 
lower 2m of the till i.e the available population. Bias was avoided 
as far as possible by ensuring that visually there was no meaningful 
difference in fabric within the whole of the vertical face.
At each location the bearing and plunge of the long axis of ten 
stones, ranging in size from 20 to 150mm, were measured. A sample 
size of ten measurements was chosen because it was considered more 
relevant to take a larger number of samples with less observations 
per sample, rather than to increase the number of pebbles per sample 
(Andrews and Smith, 1970).
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The orientation of each pebble was determined by excavating around 
it until all axes were visible. The pebble was then gently removed 
from the till matrix. A non magnetic 3mm brass rod was inserted in 
the 'cast 1 left by the pebble, orientated parallel to the long or 
'a' axis. Bearing (or azimuth) and plunge (or dip) were measured 
with a Suunto compass/clinometer aligned alongside the rod.
The length of axes, the long (a), intermediate (b) and short (c), 
was measured with sliding calipers and the clast roundness assessed 
by reference to a standard Krumbein chart.
7.4.3. Till fabric description
7.4.3.1 Size
Mean values of the 'a'j'b' and 'c 1 axes for each of the 3 sites 
are given in Table 7 -1. The sampling procedure may have been biased 
towards a larger pebble size in that (i) an effective lower limit is 
imposed by the crudeness of field techniques when material is less 
than 10mm,and (ii) there is a great temptation when sampling a 
vertical face to select the larger pebbles that are projecting out 
of the face.
Nevertheless, comparison between sites should not suffer and in 
terms of pebble size the exposures are not readily differentiated 
although the Aberarth site shows a marginally greater median size 
for the 'a 1 axis.
7.4.3.2 Roundness
The same pebbles (10 per sample) used for size and shape 
measurements were compared to Krumbein's (1941, Fig 7.1) roundness 
scale (0.1 = very angular, 0.9 = well rounded).
The mean values for the individual sections grouped well with 
the gross mean roundness for Llansantffraid being 0.56, Llanon 0.49 
and Aberarth 0.54.
Roundness data showed that 72% of the pebbles measured were sub- 





FIG. 7.1 Images for the visual assessment of pebble 
























































































































































































(0.1 - 0.3). This suggests that the drifts are locally derived, as 
pebbles are rapidly rounded during transportation and roundness value 
of 0.5 can be attained within a few miles of their source (Drake, 
1968).
7.4.3.3 Shape
Shape, the relationship between the axial lengths, can be assessed 
by calculation of one of any number of shape indices e.g Zingg (1935) 
or Sneed and Folk (1958).
The average shape of each ten pebbles was plotted as a point on 
a Zingg diagram in Fig 7.2, which delimits four broad groupings,namely 
oblate, spherical, bladed and rod shaped. From this figure it is seen 
that the different till units show a consistency of particle shape, 
confined mainly to discs and blades with few spheres. The Aberarth 
till tend to show a predominance of blades.
7.4.3.4 Orientation and dip
Fabric data from the different exposures are shown as two 
dimensional diagrams in Fig 7-3. Fjach diagram represents a 10—stone 
sample from which the bearings of long axes of stones are grouped 
in 20^"degree class intervals. Polar equidistant diagrams in Fig 7-3 
a-c indicate both bearing and plunge of individual pebbles.
From these figures, it is seen that the long axis of elongated 
stones in these deposits lie predominantly parallel to the slope of 
the land and at right angles to the existing coastline. This suggests 
that drift material was laid down by local ice moving broadly east 
to west, the assumption being that clasts will be orientated in a 
direction which corresponds to an equilibruim condition of the 
applied force field, be it gravity, river or glacier.
Pebbles from the Llansantffraid site have their axes orientated 
E - W dipping 0-20 degrees down from the horizontal in an easterly or 
up glacier direction. The till diagram for Llanon shows a similar 
preferred W.N.W - E.S.E orientation although the dips are well 






























O LI ansantf f raid
A LI anon
A Aberath
FIG. 7.2. Zingg diagram of till pebble shapes. Each point 
represents the mean value of 10 pebbles from 
each site.
Classification of particle shape is based upon 



















Fig 7.3 Till fabric data
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orientation is essentially N.W - S.E with dips again predominantly 
0-20 degrees. This up-glacier plunge found in most till fabrics has 
been explained by numerous theories which fall into one of three 
main groups - ice shear, slope or till shear theory (Evenson, 1971).
Although clast measurement orientation may help identify flow 
direction it does not differentiate between tills and does not 
necessarily explain the mass behaviour of the sediments,particularly 
in terms of resistance to erosion.
Perhaps a more relevant parameter and one closely allied to bulk 
fabric, is that of packing. The concept of packing can be looked on 
as the spatial density of particles in the aggregate and, in simple 
terms, can be described as the way in which particles fit together. 
In engineering terms it has a significant influence on the behaviour 
of granular soils, particularly in terms of shear strength and drainage 
characteristics. It is a function of size and grading, orientation and 
form and is impossible to measure in its own right. Bulk density and 
grading perhaps give the best indication of packing and will be 
considered in the following section.
7.5 Engineering characteristics of till materials
Part of the objective of this investigation was to obtain the 
fullest possible picture of the soils and rocks present within the 
study area, their distribution and their properties. From a cursory 
examination of the cliff facies it became evident that different 
testing and different modes of sampling would have to be applied.
At the outset testing and sampling available was governed by 
several considerations, namely 
(i) manpower requirements 
(ii) access limitations 
(iii) need for ancillary plant 
(iv) minimum amount of disturbance
One of the main problems of this part of the research was to
decide what parameters were important in describing the resistance of
the cliff and material to erosion and what were relevant tests in
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identifying and quantifying these parameters.
7.5.1 Field testing
In-situ tests arguably provide results which bear more relationships 
to the actual performance of soils in the natural state and are 
therefore more accurate in assessing their geotechnical behaviour.
However, standard test equipment will not conveniently deal with 
samples containing stones much in excess of medium gravel size (20mm) 
and it is probable that the excluded coarser fraction would have a 
significant effect on any strength results.
Furthermore, in-situ testing tends to be expensive, labour 
intensive and time consuming and therefore beyond the scope of this 
investigation. Simpler techniques were available and these are 
considered in the following section.
7.5.2 Techniques to assess degress of erodibility
No simple tests have been developed to give a reliable indication 
as to whether a sediment is susceptible to erosion or not although -the 
erodibility of clays in particular has received attention in the 
USA during the last two decades (Sherard et al., 1976).
Tests are either simple laboratory tests based on visual assessment — 
pinhole test,crumb test and the SCS dispersion test,or chemical tests 
which involve the determination of the effective amount of sodium 
cations present in the pore water of the clay, the presence of sodium 
and the relationship of the concentration of sodium cations to other 
metallic cations being considered the prime factor responsible for a 
clay being dispersive.
In this instance erosion takes place because individual clay 
particles of dispersive soils are capable of going into suspension 
in practically still water. In a coastal environment a flow of water 
of considerable velocity is required to cause erosion of most ordinary 
clays.
7.5.2.1 Pressure gun
To simulate wave erosion on the cliffs a form of hand-held pressure 
gun was considered by which one could compare the relative effect of a
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high pressure jet of water on the different sediments.(Bradley, 1982, 
pers.comm.). This would constitute a simple and quick index test by 
which the operator could either
(i) directly measure the indentation in the cliff face as a result of 
a specified pressure of water acting over a specified length of 
time, or
(ii) indirectly measure the amount of material collected in a wash 
tray at the base of the cliff. Although different forms of 
sediment traps have been used extensively in the erosion of 
slopes (Goudie, 1981), the technique is fraught with difficulties, 
not least of which is the problem of physically collecting all 
the eroded material.
Enquiries within the building and construction industry revealed 
no suitable hand held gun on the market. The only viable jetting pump 
was a diesel powered one delivering 136 Bar at 16 litres per minute 
driven by a 6 H.P engine (Plate 7.1).
Preliminary trials were encouraging. Although highly manouverable 
and lightweight in industrial terms the manufacturer's claim of 2000 
p.s.i pressure delivered through a high pressure water jetting gun 
assumed a suction hose length of only 4m. Along the majority of beaches 
this would not be sufficient, thus necessitating a separate water 
supply.
This fact, together with the need for additional manpower and high 
hire costs, eventually precluded its use in the testing programme.
7.5.3 Field index tests for determining material strength
Hand instruments were used to obtain some measure of classification 
and consistency within the cliff materials and also to give an indication 
of the material's inherent strength and resistance to erosion. It must 
be stressed that this was often very approximate and was no real 
substitute for proper laboratory testing. However, as only comparative 
strength values were required, these index tests were justified.
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PLATE 7.1 Neolith high pressure water jetting pump
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7.5-3.1 Pocket penetrometer
Plate 7.2 shows a typical pocket penetrometer which was most 
useful since it gave a direct measure of compressive strength and did 
not rely on empirical rules for its interpretation.
This instrument was used on the sections of boulder clay and other 
cohesive soils containing little or no sand and gravel. These included 
the steep banks of boulder clay at Aberarth (section 3.4.2) and the 
low cliff sections of clay at New Quay bay (section 3.4.5) together 
with the bluish grey boulder clay exposed in cliff sections at the 
western end of the bay.
For purely cohesive soils the undrained shearing strength is 
equal to one half the unconfined .compressive strength of undisturbed 
samples of the clay (Terzaghi and Peck, 1957,p346). The shearing strength 
can also be determined directly by means of laboratory testing 
(section 7.6.4) for use in slope-stability calculations (section 9.6).
It was used by pushing the spring loaded plunger into an 
undisturbed surface as far as the cut graduation line and the maximum 
reading read off a sliding indicator on a marked scale. At each location 
numerous readings were taken on a grid basis and averaged (Table 7.2). 
The dense packing and concentration of clasts made it impossible to 
use this instrument on any of the till exposures.
7.5.3.2 Schmidt rebound hammer
The intact rock strength was determined by direct measurement of 
the unconfined uniaxial compressive strength with a Schmidt hammer 
(Plate 7.3).
The Schmidt Concrete Test hammer was originally developed for the 
non-destructive testing of the quality of concrete and other' building 
materials in any finished structure or prefabricated sections. It has 
since been used by geomorphologists and engineers to assess rock material 
strength (Day and Gouctie, 1977).
In essence, it measures the rebound hardness of the rock which 
is directly related to the compressive strength. In testing, a plunger
188
PLATE 7.2 Pocket soils penetrometer
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TABLE 7.2 Soil penetrometer readings on clays in New Quay
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is pressed against the surface to be examined, whereupon by means of 
a spring a percussion weight strikes against the plunger. After the 
strike the weight rebounds a certain distance which is shown by a 
pointer on a scale. This reading represents the rebound measured as a 
percentage of the forward movement of the percussion weight.
The conversion of rebound readings to unconfined uniaxial 
compressive strength has been criticised by Neville (1973,p501) who 
advised that this relationship should be determined experimentally for 
each material considered. Singer and Yaaton (1974) however established 
the following linear regression between the rebound number R and the 
compressive strength 6
log (6/9.81 x 1011 ) = 0.038? R + 0.826.
Jones (1981) found that, with appropriate precautions, the Schmidt 
hammer test gave excellent correlation with the unconfined compression 
test results for N sized cores taken parallel to the bedding plane 
in both limestone and shale.
Schmidt hammer rebound values were determined at 30 different 
locations, a minimum ten number of impacts being made at any one site. 
These ten values were taken from within an area a metre square. 
Following the method recommended by Selby (1980) the upper and lower 
twenty percent of impact readings were ignored and the remaining values 
averaged. Barton and Choubey (1977) have recommended that the highest 
five of ten measured values taken within a metre square are averaged.
Fig 7.4, based on the work of Deere and Miller (1966) was used 
to correct for hammer impact angle and to convert impact reading to 
uniaxial compressive strength for the type *L' hammer used.
Readings were taken from alternating beds of greywacke and 
mudstone within 2-3m of M.H.W.M of ordinary tides.
The rocks in this zone will obviously be subject to wetting and 
weathering which may reduce the rebound value (Barton and Choubey,1977). 
Consequently the adoption of Schmidt hammer values as an estimate of 
rock strength is likely to result in an underestimation of shear strength 
as related to dry unweathered surfaces.
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FIG. 7.4 Relationship between Schmldt hardness and the unlaxf*! 
compress Ive strength of rock, after Deere and MMler
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It should be stated that for purely comparative purposes within 
a particular rock facies it is unnecessary to convert rebound values 
to compressive strength. However, when it is required to make meaningful 
comparisons between rock strength and strength in other soils which 
have been determined by some other field index test then this 
conversion becomes relevant.
The Schmidt hammer rebound values determined for the rock section 
north of Aberarth and that between Aberaeron and Cei Bach are 
tabulated in Table 7.3.
7.5.4 Laboratory testing 
7.5.4.1 Representative sampling
The most important requirement for any test sample is that it be 
fully representative of the material from which it is taken. Rowe (1971) 
defined a representative sample as that representing a material 
content fabric arrangement and stress state in a soil. It follows 
that unless a test specimen includes all of these factors it cannot 
be considered representative of the original material in situ.
7-5.4.2 Sample disturbance
It is a well known fact that sample disturbance occurs to some 
degree or other during any site investigation. The causes of sample 
disturbance can be attributed to the efficiency of sampling technique 
and to the release of in situ stresses within the soil.
The effect of sample disturbance is to alter the characteristics 
of the soil by destroying the "soil fabric and structure which is 
generally reflected in a reduction in the undrained strength (Jorden, 
1975).
The tills of the Cardigan Bay area are commonly very dense and 
often contain clasts of 150mm size and greater. It was recognised 
that the presence of these large stones would lead to sample 
disturbance and the question of obtaining undisturbed samples of any 



















































































































































































































TABLE 7.3 Schmidt hammer readings
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7.5.4.3 Till disturbed samples
Visual examination of coastal till sections showed that weathering 
affected the surface material, generally reducing the fraction of fines 
and samples of visibly weathered material were not taken.
At specific sites scrape samples, consisting of bulk disturbed 
samples representative of the overall deposit, were collected. These 
samples were cut from a channel approximately 0.3m wide and 150mm deep 
down the face, the channel itself being excavated some 150mm into the 
cliff face so that only fresh material was sampled. The channel 
extended from the foot of cliff exposed at top of beach to a height 
up the face estimated to be within the range of ordinary spring tides.
The number of samples taken was limited by the large quantity of 
material required for sieve analysis. B.S 1377:1975,in Section 1.5.4.2 
(5) recommends minimum quantities for representative results to be 
obtained. Since the tills in general contained a substantial proportion 
(i.e more than 10% of the total sample) greater than 75mm the minimum 
mass taken for sieving was 70kg.
The material was excavated on to plastic sheeting and pieces larger 
than 150mm set aside. This oversize fraction was weighed separately 
and recorded with the laboratory grading on each sample. Each sample 
was then sub-divided in the laboratory by cone and quartering. This 
process was repeated as many times as necessary until a small enough 
representative sample was obtained.
7.5.4.4 Boulder clay undisturbed samples
Undisturbed samples were collected for laboratory testing at two 
locations, Aberarth and New Quay. Care was taken to ensure that the 
samples obtained from each site were representative of the deposit. 
Structural disturbance (section 7-5.4.2) was kept to a minimum by 
careful excavation and removal by hand of sufficiently large blocks 
(approx. 0.5m cube).
Experience has shown that the change in condition is such clays 
due to stress release is not significant and that the influence on the 
test results, for all practical purposes, is minimal. Changes in moisture
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content were prevented by careful protection and packing. 
7.6 Laboratory Testing
The problems associated with establishing,in engineering 
classification terms, the inherent variations within till materials 
are well documented (Midland Soil Mechanics, 1975).
Differences in gradings and natural moisture contents have been 
shown by Fookes et al (1975) to be sufficient to affect engineering 
decisions along sections of the Taff Vale Trunk Road in South Wales. 
Information on various road schemes in Cumbria and Cleveland has led 
Cocksedge and Right (1975) to suggest the main differences affecting 
the engineering properties of glacial tills were related to variations 
in both the amount of coarse material present (gravel, cobbles and 
boulders) and the amount of the fines fraction and its associated 
plasticity characteristics.
The shear strength of cohesionless, or near cohesionless material 
is determined by the contact forces and friction between the individual 
particles and varies with the grading and degree of compaction or 
density of the deposit.
As a basis for classification therefore, the laboratory testing 
programme included particle size analysis, bulk density,plasticity 
and shear box tests.
7.6.1 Bulk density and moisture content
For practical reasons, bulk density was extremely difficult to 
determine under in situ conditions, especially for large samples which 
would be representative. Estimations of bulk density were achieved in 
the laboratory using the modified AASHO test. Although primarily used 
for controlling soil as engineering "fill" material, it is believed 
that this test represented in the laboratory the natural state of 
compaction achieved in the field (McGown, 1971).
In comparing laboratory density against field density the 
following qualifications have to be made:
(i) laboratory tests were carried out on samples at their respective 
natural moisture contents, the assumption being made that these
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values were similar throughout the various exposures. This 
moisture content did not necessarily represent the optimum 
moisture content at which the maximum dry density was achieved 
under that compactive effort.
(ii) the results of laboratory compaction tests on the matrix could 
only be compared directly with the density on site for the 
total material if the effect of stone content was taken into 
consideration.
In theory the presence of stones would give the total material 
a higher density as the stones have a greater density than the 
matrix material they displace. The resulting field density of the 
whole material was calculated from the equation below (Madison, 1944)
p =
where P D is the theoretical dry density to be expected in situ, 
derived from the dry density P , of the matrix material measured in
the laboratory. G is the specific gravity of soil particles.s
The overall moisture content of the total material was given by
w = Fw + (I-F) w m s
where w = moisture content of matrix and
w = moisture content (absorbedmoisture) of stones. F is
S
the ratio of the matrix material to the whole.
Particles larger than 20mm were removed before test, weighed and 
recorded. Material passing the 20mm sieve was compacted in a Proctor 
mould using a compactive effort equivalent to that applied in the B.S 
"Heavy" Compaction Test (B.S 1377:1975, Test 13). The moisture content 
of this fraction was determined and used for comparative purposes. 
Figs 7.5a and 7.5b show respectively bulk density and moisture content 
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7.6.2 Particle size distribution
Analysis of grain size distribution in bulk samples of till was 
carried out using a combination of wet sieving (B.S 1377:1975,Test 
7A) and sedimentation (B.S 1377:1975, Test 7D) procedures.
Because samples contained particles of coarse gravel and cobble 
size, a sufficiently large sample of 10kg or more was necessary after 
sub-dividing (section 7-5-4.3). After drying and weighing the material 
was washed, a portion at a time, through a large diameter 20mm sieve 
nested in a 63m sieve. An additional intermediate 3.35mm sieve was 
also included to protect the 63m sieve from overloading.
Material passing the 63m sieve was collected when required for a 
sedimentation analysis, otherwise it was allowed to run to waste. 
Retained material was oven dried and sieved through the complete range 
of sieves from 75mm downwards.
For the sedimentation test, the quantity of dried material passing 
the 63mm sieve was sub-divided to a convenient 50g approximate sample 
and pre-treated with a standard dispersant solution of sodium 
hexa-metaphosphate to remove organic and possible calcareous matter. 
Using a specially calibrated hydrometer the density of the soil was 
measured in a suspension in water at various intervals of time. From 
these measurements the distribution of particle sizes in the silt range 
(60mm - 2mm) were assessed.
The grading curve from the sedimentation test was added to the 
sieving curve after the appropriate proportional adjustment had been 
made. Figs 7-6a-d show grading curves for samples from each section 
of till while Fig 7.7 shows the mean grading curve for each section 
together with the limits of the grading curves for all samples. Fig 7-8 
presents summarised results in the form of a multiple histogram. 
Grading curves for individual tests were examined and each of the 
four fractions of boulder plus cobble, gravel, sand and silt plus 
clay (% by weight) were read off and plotted on separate histograms 
Fig 7.9 gives a comparison of the gradings of the deposits investigated 
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7.6.3 Atterberg limits
These simple tests, originally devised by Atterberg (1911) for 
the classification of fine-grained soils in the particle size range 
0.002 to 2mm, have acquired a practical significance since they give 
a consistent guide to the important engineering properties of shear 
strength and compressibility in clay soils.
The tests have remained, in principle, the same since Casagrande 
(1932) proposed to define the various limits by reference to the 
moisture content of the soil under certain conditions.
Both liquid and plastic limits are rather arbitrarily defined, 
hence the importance of adhering to the standard procedure described 
in B.S 1377:1975 (Tests 2b and 3 respectively).
For clay samples, wherever possible, the test was carried out 
on the natural soil with coarse particles removed by hand. For till 
samples, a portion of the air-dried soil passing the 425mm sieve 
was mixed thoroughly with de-ionised water prior to test.
The results of these tests have been plotted on a Casagrande 
classification chart in Fig 7.10.
7.6.4 Shear strength
As stated, it was not possible to carry out any in-situ shear 
strength tests so that limited laboratory evaluation had to be relied 
on. The grading curves show a limited amount of fines but do not 
illustrate the packing of the stones within the matrix.
In testing.the fines element from the matrix, using a standard 
direct shear machine, it was believed that the differences in cohesive 
strength within the till material could be examined.
Though Schultze (1957) has pointed out that it is unrealistic to 
separate out finer material and then test it, Whalley (1975) has 
argued that sensitivity in most cases is caused by the failure of 
the finest material. Since in this case a maximum value for cohesion 














































































































































































Reversible shear box tests were therefore performed on the matrix 
of specific till samples, the assumption being made that in long-term 
failure it is the residual strength of the matrix that is important 
in any stability assessment.
7.6.4.1 Apparatus
The apparatus used was the standard one-speed controlled displacement 
60mm Bishop type shear box, modified to enable multiple reversal tests 
to be performed (Plate 7.4). The diagrammatic layout of the shear 
box can be seen in Fig 7.11 . Constant rate of strain was applied 
through a screw jack by motor & 25 speed gearbox (A in Plate 7.4). 
The shear force being applied to the soil by the screw jack via the 
lower half of the box is shown by the proving ring (B) which is in 
contact with the upper half of the box. Normal stresses were applied 
to the sample from a yoke (C) carrying weights under the shear box 
stand. To obtain high normal stresses a 5:1 level loading device 
(D) was used.
The essential modifications to the system used (Rouse, 1966) 
permits the shear box, through the swan neck yoke arrangement, to 
place the proving ring under tension as well as compression.
Experimental data was gathered at regular scan intervals (0.2hour) 
by a Troxler 3800 Service Data Acquisition system (Plate 7.5) which is 
a modular instrument for recording data from measurement transducers. 
The transducers (Plate 7.6) convert the mechancial measurement from 
the gauges into a proportional electrical signal. This electrical 
signal is conditioned by a Signal Conditioning Module (SCM) to provide 
an output that is more easily related to the measurement. A multiplexor 
selects the outputs of the SCM one at a time for display on a 
Digital Panel Meter (DPM) in a numerical form. A digital printer 
receives the data from the DPM and prints it, together with the 
time, on paper tape to provide a permanent record for future 
programming.
7.6.4.2 Sample preparation and test procedure
Test samples were prepared in the usual manner for slow drained
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PLATE 7.4 Reversal direct shear apparatus
PLATE 7.5 TROXLER 3800 data acquisition system
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tests on normally consolidated material (Head, 1982,p548). Material 
passing the 3.35mm sieve was air dried and re-constituted to its 
approximate liquid limit. Clay samples were prepared in their natural 
state to fit the shear box.
For the consolidation test a multi—stage technique was used where 
the load was applied in incremental stages allowing partial consolidation 
at each stage. Consolidation was carried out at the same normal pressure 
as shearing so that the tests were slow, drained tests on normally 
consolidated samples. Permutation of weights enabled convenient 
resulting normal stresses of 41.8, 74.5, 134.6 and 229.8KN/m2 to 
be used. The consolidation curve was drawn on afc graph and the time
to 95% consolidation (toc ) derived.95
The residual shear strength was measured by extending the standard 
shearbox test well beyond the point at which the maximum (peak) strength 
occurred. Displacement was continued to the limit of travel of the 
shearbox which was then returned to the starting position so that 
the specimen could be re-sheared. This process was repeated several 
times until a constant value of shear resistance (residual strength) 
was reached.
The test programme involved consolidation on the first day followed 
by shearing for a total length of four days in the sequence 1st Forward 
2Uhrs, 1st Reverse 24hrs, 2nd Forward 24hrs, 2nd Reverse 24hrs.
Incremental consolidation and shearing .was repeated for 3 other 
normal pressures thus necessitating a total test time of 20 plus 
working days for each sample. Although this 24 hour test was eminently 
suitable for automatic recording requiring once daily supervision,the 
time element did curtail the number of tests possible.
The test data was processed by computer programme (Rouse, 1982). 
Results for shear box tests on till materials are shown in Figs. 7.12a-d.
7.7 Analysis of results of basic engineering tests
The limited number of test results from the site investigation 
does not permit a detailed examination to be carried out on a 



































FIG. 7.12a Shear strength parameters for till chng. 44 00
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obtained were representative of the different sections examined and 
to enable a comparison to be made of the variation of soil properties 
along the coastline. Comparisons here are limited to the main 
sections of till previously discussed, results being presented for 
four basic properties.
7.7.1 Particle size distribution
The average particle size distribution for the four sections 
(designated sites in Figs. 3.12a and 3.12b) are shown in Fig. 7.7, 
the curves for each individual section being shown in Figs. 7.6a-d.
One property which all the samples have in common was in being 
exceptionally well—graded. Practically all samples contained material 
ranging from boulder size (>200mm) down to clay size (<2mm) and in 
none of the sampling sites were the larger clasts absent.
The cumulative grading curves and frequency histogram (Fig. 7.8) 
all indicate that the till shows some variance within each section 
but the distributions do not deviate grossly from normal distributions. 
This fact is borne out in Fig. 7.9 which indicates the close grouping 
of the minus 60mm fraction for all the till samples. The main differences 
which may or may not affect the engineering properties are therefore 
related to variations in the respective amounts of coarse (gravel, 
cobbles and boulders) and fine material present. Essential differences 
in grading between and within the till exposures can be evaluated 
from Plates 7.7 - 7.18, which show profile and close-up of cliff face 
at several chainages.
From Fig. 7.8 it will be seen that there is a wide scatter in 
the overall results for boulder and cobbles content (10-70%). The 
boulder and cobbles content is significantly higher (43%) for site 
D samples (Plates 7.15-7.18) as is the fraction of total coarse 
material (86%). There is a marked change in facies towards the 
southern end of this section, borne out by sample no. CD/D/5 
which shows a fines content of 26% compared to 12% for the remainder.
Samples from sites A and D have fewer total fines (18 and 
respectively) than those from sites B and D (28 and 26%
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PLATE 7-7 Site A Llansantffraid - till face at chng. 37 + 00
PLATE 7.8 Chng. 37+00, close-up of till material
(50mm tape measure for scale)
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PLATE 7.9 Site A Llansantffraid - till face at chng. 39 + 00
PLATE 7.10 Chng.39 + 00, close-up of till material
(50mm tape measure for scale)
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PLATE 7.11 Site B Llanon - till face at chng. 47 + 00
-.;>-^ ->•-I3**.*
PLATE 7.12 Chng. 47 + 00, close-up of till material
(50mm tape measure for scale)
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PLATE 7.13 Site C Morfa -r till face at chng. 52 + 00
PLATE 7.14 Chng. 52 + 00, close-up of till material
(50mm tape measure for scale) 
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PLATE 7-15 Site D Aberarth - till face at chng.88 + 00
PLATE 7.16 Chng. 88+00, close-up of till material
(50mm tape measure for scale) 
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PLATE 7.17 Site D Aberarth - till face at chng.89 + 00
PLATE 7.18 Chng. 89 + 00, close-up of till material
( 15cm pencil for scale )
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respectively) Site B shows the greater variance in the overall gradings 
and also has the sample with the highest percentage of silt and clay 
(25% in sample no. CB/B/3 , Plates 7.11 and 7.12).
The average particle size distribution for all the till in terms 
of the 4 fractions considered, is as follows:
Boulders and cobbles 33%
Gravel 46%
Sand 11%
Silt and clay 10%
7.7.2 Effect of weathering on grading
The effect of weathering on till material is a marginal reduction 
in fines content. Visual examination of the various exposures 
suggests that the weathering process simply produces a leaching of the 
finer particles from the cliff face. Clay/silt/sand particles may 
be displaced within the face to a lower level and often form a thin 
apron at the foot of the cliff.
This is mainly caused by the percolation of surface water down 
through the till (from rain water or land drains) but direct wave action, 
sprayand general sub-aerial weathering also contribute to this 
process. The most severe erosion in this respect is noticeable where 
land drains from the adjoining fields discharge at the face.
7.7.3 Natural bulk density and moisture content
There are too few results to make conclusive statements but 
from Fig. 7.5a there appears to be little difference between sites in 
terms of bulk density. Values range from 2.15 to 2.40t/m3 with a 
mean figure of 2.275 t/m^. Slightly higher figures are recorded for 
Site B.
Bulk density values represent the mean density from a vertical 
profile down the face and do not distinguish between cliff top and 
bottom. Although unconsolidated in geological terms, it would 
be reasonable to expect these drift deposits to show a slight 
increase in density with increasing depth.
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The spread of values for the natural water content is from 6 
to 12% with a mean value of 8.7% (Fig. 7.5b).
7.7.4 Plasticity indices
Liquid and plastic limits were carried out on the fraction of 
fines passing the B.S 36 sieve. Results summarised in Fig. 7.10 
indicate that the till matrix can be classified as an inorganic 
clay or silt of low plasticity. Several samples had non-plastic 
fines. These indices are not sufficient to differentiate between 
the tills even when taken in conjunction with particle-size 
distribution.
7.7.5 Shear strength
Shear strength parameters, based on the best straight lines 
through the stress points representing failure, show remarkable 
similarity. The values of^(angle of shearing resistance) for the 
four tests carried out on the till range between 26.0° and 31.6°, 
giving a mean value of 29.5 • Cohesion values in each case were 
zero or near zero.
The fines content of these tills is generally low and exhibits 
low plasticity. Since shear tests were carried out on the fraction of 
fines passing the 3-35 sieve, a consistency of result is perhaps to 
be expected.
There is a marked deficiency of data on the shear strength of 
comparable tills, partly due to the fact that the fines content of 
many of these is so low that they have been considered to be 
effectively cohesionless. The shear strength of such deposits must 
however, vary with grading. Laboratory experiments have indicated 
that the angle of friction tends to increase with increasing 
maximum size of the gravel fraction (Fookes et al, 1975).
In practice the relationship is not a simple one and it is 
evident that particle shape has a considerable effect on the shear 
strength (Holtz and Gibbs, 1956).
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Tests on fluvoglacial gravels in West Glamorgan (Rouse, 1974) 
have given values of up to 36° and it seems likely that there is a 
limited relationship between the <£r value and the clay or fines 
content of such materials.
7.8 Conclusion
Analysis of basic physical properties of these tills does not 
differentiate between them which suggests that the unweathered 
material is similar throughout the study area. Inherent variations 
within each till unit are perhaps as great as those between 
different units. In engineering terms it may be possible to treat 
the tills as one soil type with a relatively high coefficient 
of variation of properties. This variation of properties taken in 
conjunction with beach parameters and environmental factors, will 
be assessed in terms of cliff recession in Chapter 8.
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CHAPTER 8. 
STATISTICAL ANALYSIS OF COASTAL EROSION.
8.1 Introduction
Indications are that there is a strong regional trend in the 
occurrence of recession within the drift material along with local 
concentrations of occurrences within individual sections(Table 3.1).
Therefore recession is not only widely distributed along the 
coastline because of the ubiquitous existence of appropriate soft rock 
but its probability of occurrence may be enhanced in certain localities 
by special factors operating in these areas.
In this Chapter, what are believed to be pertinent independent 
variables, in terms of long—term (90 years)' and contemporary short- 
term (2 years) recession, are isolated. It is suggested that there 
exists an almost linear relationship between recession rate and 
certain variables which is assessed by bivariate analysis while 
their relative influence is analysed in a regression format.
8.2 Review of processes
Although this study is mainly concerned with factors which 
influence variations in rates of cliff erosion it may be helpful 
at this stage to briefly review the processes involved.
The principal cause of coast recession is evidently that of 
present-day marine erosion. Studies of forces generated by breaking 
waves impinging on vertical barriers have been numerous in the field 
of coastal engineering but have been largely confined to sea walls 
(Bagnold, 1939; Denny, 1951; Muir-Wood, 1969). Sunamura's (1975,1977, 
1981) work on model cliff erosion has implied that erosion by waves 
breaking directly at the cliff face is achieved by pressure variations 
and for waves breaking further seawards i.e broken waves, principally 
by shearing forces.
Most workers indicate that, for well-jointed rocks exposed in
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highly irregular cliffs such as those of the Aberystwyth Grits, 
quarrying is perhaps the most powerful mechanism involved.Quarrying 
was defined by King (1972) as the removal of pieces of rock by 
hydraulic action and may be produced by wave shock, wave hammer, 
air compression (Trenhaile,1980) or some form of pressure release 
(Clarke,1979).
Although abrasion has historically been considered the mechanical 
erosion process responsible for wave-cut platforms, certainly on the 
upper shoreward sections (Robinson, 1977, Trenhaile, 1980), when rock 
cliffs are almost continually exposed to alternate wetting and drying 
due to tidal movements,complex weathering processes may take place. 
These may include chemical processes such as hydration and oxidation 
and physical rock breakdown caused by salt crystallisation or the 
swelling of rock grains (Pethick, 1984).
Where the coastline is formed of tills and clays, in addition 
to the shear forces generated by direct wave action or by swash 
activity, the reworking of the cliff material by wave-generated 
pressure fluctuations and the abrasion by granular material present 
in the water column as bed or saltation load are other contributory 
factors.
The direct force of breaking waves was investigated by means of 
field instrumentation and is discussed briefly in Chapter 9 - Neither 
of the two additional processes was examined but the reworking process 
must be related to wave energy expended on the coastline. Because of 
the relative infrequency of direct wave attack - only between 1 and 
4% of all actual tides affect the cliff bases along the till sections 
- this process may not be sufficiently cyclic in nature to be 
considered important.
The role of suspended sediment has been discussed by Sunamura 
(1983) and investigated in detail by Kamphuis (1983) who found that 
critical shear stresses for initiation of erosion were substantially 
lowered when sediment was present in the water column. The composition 
of the foreshore along this length of coastline is predominantly 
shingle and the abrasive action due to wave-moved beach material is
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therefore limited to high energy conditions. Evidence of this 
process was to be had during periods of winter storms when pebbles 
and cobbles up to 150mm in size were seen deposited onto adjacent 
fields.
Although marine attack is the principal cause of instability 
the process of sub-aerial erosion must be acknowledged but is 
considered far less significant as it is dependent in turn^on the 
amount of wave erosion. Landslips may temporarily change the cliff 
profile and result in slumped material being deposited at the base 
or toe. Wave erosion of this slumped material restores a similar 
profile to the cliffs but at the same time reduces the resisting 
movement and the cliff form becomes more susceptible to further 
downslope movement.
In the coastal embayments of till near Llanon and Aberarth local 
falls in material were observed (Plates 3.13 & 3.1*0.where shock 
pressure waves removed a few cubic metres of material at a time 
which was removed by subsequent spring high tides. Dessication 
during hot periods of weather also resulted in small falls of 
till. These were particularly noticeable during the summer of 1984 
but these quantities were minimal when compared to those produced 
by direct wave attack.
Obviously if these were inland cliffs and there was no 
significant erosion process to remove material from the base of the 
slope, the slope would reach a stable angle of repose and would be 
affected only by relatively slow processes such as creep; a long- 
term equilibrium would be reached.
8.3 Principal factors affecting recession rates
The foregoing section suggests that wave-related processes 
taking place along the coastline may well control the long-term 
rate of cliff erosion. Erosion occurs infrequently, only under 
certain conditions and is limited by a number of factors.
Factors affecting coastal stability have been recognised and 





There are inevitably a number of factors which need not or cannot 
be considered under the framework of the present study. These include 
historical factors such as sea-lev&l rise and secular variations in 
wave climate (Carter and Johnson, 1982) as well as various geological 
and hydrological factors such as fissuring patterns and ground 
permeability.
8.4 Environmental factors
As period of wave contact and wave energy are obvious erosion 
criteria, the total duration of cliff exposure to wave attack is an 
important factor in assessing potential instability along this 
coastline.
Duration cannot be related directly to intensity of wave attack 
as the latter changes through the tidal cycle. Initial contact is 
through swash activity where waves break short of the cliff base and 
energy is expended by percolation and frictional effects during swash 
run-up. This is followed by direct wave attack and, as water deepens 
at the cliff base, wave reflection and clapotis (Russell and Macmillan, 
1952).
Nevertheless,exposure is considered a significant parameter as 
it is a result of a number of environmental factors, in particular 
the relationship between beach height and wave-energy conditions. 
In this context beach height is synonymous with height of cliff base 
above O.D. Wave energy is governed by wave height, which in turn is 
determined by the strength, direction and duration of wind and the 
length of fetch.
From analysis of tidal and meteorological conditions associated 
with recorded cliff-eroding events,McGreal (1979) indicated that certain 
limiting conditions of wind speed and direction need to be satisfied 
to propagate sufficient wave energy for cliff-base erosion to occur. 
McGreal also suggested that atmospheric pressure was significant in
229
tidal levels but no threshold value was identified.
Observations and recorded levels taken during the study period 
have suggested that deviations in meteorological conditions generally 
resulted in small differences between predicted and recorded tide 
heights except during onshore storm events when these differences 
became more substantial.
The estimated time of exposure for different cliff heights 
along the Ceredigion coastline has been calculated from actual tide 
levels recorded at Aberystwyth during 1980, antecedent weather 
conditions recorded at R.A.E Aberporth and the tidal hydrograph 
(Fig. 4.13).
This represents one year's actual data (Table 4.9) and takes 
into effect prevailing weather conditions. Exposure therefore represents 
the required coincidence of tidal and meteorological conditions and 
can be used in this analysis to represent the input environmental 
factors.
8.5 Beach factors
Numerous factors have an influence on the wave-related erosion 
forces reaching the shore. These include fetch and orientation,beach 
morphometry and the presence of coastal protection works. Consideration 
must be given to the width, slope, composition and state of erosion or 
accretion of the beach in terms of beach levels or volumes, the presence 
of backshore features such as vegetation and talus cones and beach 
structures such as seawalls and groynes.
8.5.1 Orientation of coastline or aspect
In terms of exposure (Fig. 3.2) the length of coastline between 
New Quay and Llanrhystud is governed in terms of fetch by the confines 
of the Irish Sea and the available window to the south-west already 
discussed in Chapter 4.
Coastal alignment is essentially S.W to N.E with local deviations. 
Bearings taken perpendicular to the shore vary between 275 and 012 
the only exceptions being the curved sections of the crenulate bays
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at New Quay and Cei Bach (section 6.5-2). There are few sheltered 
sites in terms of storm wave attack from the north-westerly quarter. 
Prevailing waves from the south-west break obliquely to the shore 
which has the general effect of pushing the shingle in a north­ 
easterly direction along the beaches.
8.5.2 Beach levels
For a given wave climate and physical setting,beach levels affect 
wave erosion by influencing the distance from shore at which the waves 
break. For a given wave, the lower the beach level,the closer the wave 
breaks to the shore and thus the greater the amount of wave energy 
reaching the cliffline
In theory an inverse relationship should exist between rates of 
recorded cliffline erosion and incidence of beach profile lowering. 
McGreal (1977) noted that beach-level changes were significant in 
explaining variation in recession rates.
The longshore survey of beach profiles has confirmed the existence 
of high and low beaches predicted by the wave refraction model for this 
section of the Cardigan Bay coast. Sweep zones drawn for selective 
beach profiles (Figs. 6.4a-h) showed only minimal change over the 
2—year period with the upper foreshore revealing seasonal trends 
of winter lowering and gradual replenishing during spring, summer 
and autumn. Short duration, high-energy events particularly 
January storms, were most destructive, being often associated with a 
marked lowering of beach height at the cliff base.
8.5.3 Beach profile
Although the slope of the beach initially may be a function of 
the underlying rock platform, the influence of the latter in terms of 
present-day erosion is negligible as there is a considerable cover 
of sediment in all beaches apart from those that fringe the cliffs 
of the Aberystwyth Grits.
The longshore survey, values of beach slope ranged from 3 to 12 . 
In Fig. 8.1 a histogram is produced of the frequency of occurrence of
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beach slope which shows that for the predominantly shingle beaches 
of the Aberaeron area the most common slope is 8° or 1.15. These 
differences in beach slope may influence the rates of cliff erosion, 
with less energy being expended along the flatter profiles .The same 
may be said for beach terrace slope although the latter does not 
deviate much being consistently near 1°.
From the surveyed profiles the width of beach face varies 
appreciably up.to a maximum of 69m. The histogram in Fig. 8.2 
indicates that nearly 80% of all profiles have beach faces between 
10 and 40m in width.
8.5-4 Height of cliff base
Along the 20km stretch of coastline there is considerable 
variance in cliff base heights. Cliff sections of the Aberystwyth 
Grits are fronted by a wave-cut platform with little or no beach 
material whereas the till sections are fronted by relatively high 
shingle beaches.
The height of cliff base, defined in section 6.2 as the junction 
betweenthe free cliff face and beach, ranges from 0.1m A.O.D at Graig 
Ddu (chng. 68 + 00) to 7.0m A.O.D at the storm beach at Llanrhystud 
(chng. 7 + 00).
The highest and lowest Mean High Water Springs (M.H.W.S) predicted 
from tide tables for the Cardigan Bay area are only 3.0m and 0.8m A.O.D 
respectively. The majority of the sections have cliff base heights in 
excess of 3.0 A.O.D. Referring to the surveyed heights of beach at cliff 
base therefore it is evident that for cliff erosion to occur high tides
must be supplemented by appropriate high-energy conditions.,/-
From Table 4.9 it is seen that chng. 7 + 00 is prone to marine 
erosion for only 0.006% of the time while the rock cliff at chng. 
68 + 00 is exposed for 55% of the time.
For the rock sections north of Aberarth (chng. 61 - 78) and at 
Gilfach-yr-halen (chng. 120 - 158) the height of cliff base generally 
coincides with the top of the shore platform and ranges between 0.1 
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FIG. 8.2 Histogram of beach widths
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The till sections show a smaller range of values for the height 
of cliff base. For instance site A at Llansantffraid has a mean height 
of 5.15m A.O.D indicating 0.08% exposure, Site B at Llanon 4.10m A.O.D 
with 0.28% exposure, Site C at Morfa 4.85m A.O.D with 0.13% exposure 
and Site D at Aberarth 3.70m A.O.D with 0.39% exposure.
It is significant that the till sections are much less prone to 
direct wave attack than the hard rock sections but also significant 
that the shock pressures from such short duration extreme events may 
be of far greater consequence within the weaker glacial sediments.
8.6 Cliff factors
8.6.1 Strength of cliff material
Although resistance to erosion is a complicated process and may 
involve a number of geotechnical parameters, the compressive strength 
is probably the most important (Sunamura, 1983). It is also one of the 
simplest measures of strength to obtain and although its application 
is limited it does allow comparisons, to be made between rocks and 
soils and affords some indication of material behaviour under more 
complex stress systems.
Field index tests have enabled uniaxial compressive strengths to 
be determined for the glacial clays and solid-rock sections within 
the study area. These results are listed in Tables 7.2 and 7.3 
respectively. Whilst shear strength parameters have been obtained 
for the various till deposits, the site investigation did not allow 
measurements of compressive strength. In order that valid comparisons 
can be made between the till sections and those of clays and rock, 
results from various investigations into similar tills have to be 
relied on.
The study of glacial tills in the Taff Valley, South Wales by 
Fookes et al (1975) has given standard penetration *N' values for till 
materials not dissimilar in character to those found in the Aberaeron 
area and having a "grand average" grading of




Silt and Clay 21%
The 'N 1 values observed were found to be dependant more on the 
gradings of the various tills than on their relative densities and 
gave a mean value of 48 with a modal range 31 to 40.
From the approximate relationship between unconfined compressive
strength and f N f value (Terzhaghi,and Peck, 1967,p34?) this mean
o 
value suggests a strength of 686.4 KN/m . Since till can also be
o
regarded as a soft-rock mass, the lowest figure of 700KN/m for such 
a material proposed by Brink et al (1982) is in agreement .with this 
value.
Although this interpretation is debatable, the value of TOO .KPa has 
been adopted as a realistic compressive strength for the tills in the 
area and has been used in the statistical model.
8.6.2 Protective features
These can be conveniently categorised into natural and man-made 
barriers. Along the Ceredigion coastline storm beaches are prevalent 
and afford protection to adjacent land, particularly at Llanrhystud, 
where the shingle ridge extends for some 1.5km and where little 
change has occurred in the past two decades (section 6.4.1 ii). 
Similar features are found at most of the river mouths and all have 
acquired a permanent or semi-permanent character.
Talus cones produced by sub-aerial weathering, slope processes 
and direct wave attack may provide temporary protection against further 
toe erosion but the quantities are minimal and breakdown of the 
debris material is not particularly difficult - the fines content 
being removed as suspended, load, the sand and gravel fraction being 
integrated and re-worked within the beach material. Flotsam or 
seaweed build up at the cliff base have been noted (Plate 4.1) 
but again give only limited protection and most were removed by the 
sea within days.
Permanent engineering structures include harbour installations 
and shore-protection features. The structures at Aberaeron,consisting
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of jetties, breakwaters and seawalls, were built in the eighteenth 
century and extend for some 0.5km along the waterfront. This section 
(chng. 109 - 11^ approximately) has not been considered in the 
overall model of shoreline recession.
Other groyne systems,together with the area of artificial beach 
fill north of Aberaercn, have been included but no attempt has been 
made to differentiate between natural and artificial structures. 
Neither have the individual longshore stations been given a degree 
of protection; the presence or otherwise of some form of protective 
feature has simply been allocated the digit I or 0 in the statistical 
analysis.
8.7 Regression and correlation
In this study to date numerous causal influences have been 
identified for the variance in coastal recession which is a dependent 
variable. Some of these influences may be significant and others not. 
The significance of the different variables measured was tested 
statistically using the S.P.S.S - X computer package.
"Regression analysis is a statistical search procedure whereby 
the relative influences of all the factors presumed tc act on a 
dependent variable can be isolated and gauged" (Todd 1980, p3). 
Such an analysis can identify the two groups of independant 
variables, isolating in particular those which do have critical 
causal effects, in a statistical sense, and which should therefore 
be retained in an equation to describe the variance in recession rate,
A useful approach to the problem of which independent variable 
to retain in a final equation and the one used in the present study 
is the technique of stepwise multiple regression. This method does 
not feed all of the independent variables in at once but builds up 
the equation one extra variable at a time. For example, with 4 
independent variables there are 24 different ways in which their 
"order of entry" can be arranged; with 5 there are 120 and with 6, 
720. Some rule is therefore required to organise the procedure such 
that variables are entered in their order of importance in reducing 
the variance in recession rate, with the most important first. This
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ordering is indicated by the partial correlation coefficient 
r (denoted Multiple R in SPSS computer package), the mathematical 
justification for which depends on the bivariate normal 
distribution.
Bivariate regression analysis was used to test the hypothesis 
that there was a linear relationship between dependent and individual 
independent variables. The regression line is denoted by
y = ao + &1 x
and the measure of how well the straight line fits the data is 
denoted by one of several coefficients.
T statistics and their 2-tailed observed significance are given, 
as are F statistics and significant F values. If the observed 
significance level associated with the slope of the regression line 
is very small i.e. approaching zero, then one can deduce that
dependent and independent variables are linearly related.
p The coefficient of determination r (R Square in SPSS computer
package) is the ratio of the explained variation to the total 
variation and is a further measure of the fit of the estimated 
regression line to the data. This ratio must lie between 0 and 1, the
closer the coefficient is to 1, the closer the points lie to an
2 exact straight line. The sample r tends to be an optimistic
estimate as the model usually does not fit the population as well
as it fits the sample from which it is derived. The: statistically
2 2 adjusted r attempts to correct r so that it more closely reflects
the goodness of fit of the model in the overall population. 
8.7.1 Long-term recession of coastline
This model makes the assumption that coastline erosion over the 
period 1880-1970 is applicable to present-day conditions of beach and 
cliff morphology. For the glacial sediments, measurements of contemporary, 
recession (Table 3.1) corroborate those from long-term map evidence; 
for the solid-rock sections the long-term rates may be an over- 
estimation of current rates (see section 9.3.4).
Quantitative data from 144 profiles, together with computer 
print-outs of statistical analysis are tabulated in the Appendix.
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Data from each profile represented 11 variables, each of which in 
turn was tested against the mean annual recession rate.
Bivariate relationships between site variables and recession 
were poor. Protective features in the form of storm ridges gave the 
highest correlation coefficient (r = 0.407), the strength of cliff 
material the lowest (r = 0.02^3). Several beach variables - beach 
height, beach-face volume, beach-face width, beach-terrace height 
and aspect.- were significant at the 95% confidence level.
Multi-regression analysis showed that all the considered variables 
only accounted for 27% of the total variation on rates, protective 
features being responsible for 16.5% of this figure. Since protective 
features were not represented by finite quantities the data column 
representing this variable was deleted and the recession model tested 
using the remaining ten variables. This procedure did not substantially 
alter the ranking order of significance except that beach face volume 
became the dominant explanatory variable (Sig F = 0.0593). Tidal 
coverage and total beach volume were also significant (Sig F = 0.0607 
and 0.0985 respectively). Statistically; the strength properties of cliff 
material as represented by the uniaxial compressive strength, was 
insignificant in explainimg spatial variation in coastal erosion. 
(Sig F = 0.6075).
8.7.2 Contemporary short-term recession of till sections
Data was collated from 18 profiles within the four sites A, B 
C and D (Figs. 3.12a and 3.12b) and is tabulated in the Appendix. 
Because these sites have almost identical aspect and till of similar 
character the influence of beach parameters on cliff erosion may be 
more easily identified. Whereas tills within the overall study area 
have been allocated the same arbitrary compressive strength of 
700 KN/m2 , sieve analysis has distinguished between the material at 
these specific sites by virtue of percentage of total fines (Figs.7.6a-d)
A preliminary examination of the data has suggested that a linear 
relationship exists between recession rate and certain beach and cliff 
parameters. In Figs. 8.3a-c, cliff recession in cm yr~ have been 
plotted against the independent variables of percentage total fines 























Cliff recession cm yr
FIG. 8.3 a-c Relationship between contemporary cliff recession and 
independent variables
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respectively. Fig. 8.3a indicates a positive correlation, Fig. 8.3b 
low negative correlation while Fig. 8.3c shows no discernible degree 
of correlation.
Bivariate analysis has confirmed a much stronger relationship 
between recession rate and several of the independent variables. 
Beach variables had high correlation viz. beach terrace slope 
(r = 0.7053),beach-face volume (r = 0.6448), total beach volume 
(r = 0.5019), beach-face width (r = 0.5601), beach-terrace height 
(r = 0.5112).
Percentage total fines is also relevant (r = 0.6200) while cliff 
height is not (r = 0.2045).
Together all the eleven variables entered into the multiple 
regression analysis accounted for 92.0% of the spatial variation. 
Only beach-terrace slope was significant at the 95% confidence level 
(Sig. F = 0.0293) and explained 49-7% of the total variation. 
Additional variables beach face volume and total beach volume 
increased this figure to 86.1%.
8.8 Discussion
The ranking order of significance for the 10 variables considered 
in the long-term analysis has been extracted from the computed data 
and is given in Table 8.1.
Although these variables in total did not satisfactorily explain 
the variance in erosion along the 20km of coastline, beach and 
environmental variables, particularly beach face volume and tidal 
coverage, were statistically important.
From Fig. 3.9 the highest rates of erosion should be associated 
with the weakest deposits but as a variable in the multi-regressional 
equation the strength properties of the cliff material was the 
least significant.
While the short-term statistical model has indicated a very 
high coefficient of determination (r2 = 0.9156) the theoretical hj 




































TABLE 8.1 Significance ranking of different
variables (from SPSS-X computer package)
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terms of percentage total fines - has again not been substantiated
(Sig F = 0.3^32). Total beach volume and height of beach explained
24.1% of the spatial variation in rates.
Differences in the explanatory variables given by the two 
statistical analyses could be attributed to the amount of data available 
for each. Sample sizes were arrived at arbitrarily rather than 
through scientific choice and it is doubtful whether the sample 
size for contemporary localised erosion (18) was large enough to 




9.1 Int roduc t ion
The quantitative model presented in the previous chapter was 
intended to provide a rational explanation for the recession of cliff 
slopes. As the study progressed however it became apparent that there 
were situations where coastal erosion could not be reconciled with 
the model.
As intimated in Chapter 8, marine processes are not the only 
factors which affect the stability of the Cardigan Bay cliffline. For 
instance, notch development in glacial sediments near Aberarth is a 
result of marine undercutting but slope failure may be influenced by 
other causative factors. Ample evidence was present in several 
locations to suggest mechanisms were operative which did not require 
the presence of tidal forces. Various morphological features imply 
a number of different sub-aerial processes are active throughout the 
area although any quantitative assessment of actual rates is virtually 
impossible.
In the following case studies, observations are applied to several 
sites where erosion is a problem and where the mechanisms responsible 
and features resulting can be identified. Attempts were made to measure, 
by field instrumentation, shock pressures due to wave impact upon the 
coastline. Rockfall activity in the Aberystywth Grits was considered 
in terms of local relief, where the degree to which the rocks are 
traversed by discontinuities - in particular the attitude of joints 
and bedding planes - is a factor which may influence the rate at which 
erosion takes place. The behaviour of unconsolidated materials when 
exposed to sub-aerial processes, particularly wetting and drying and 
freeze-thaw action, together with their slope stability and likelihood 
to sliding is also assessed.
9.2 Direct wave attack and the measurement of wave forces
Direct wave attack along the till sections is an infrequent process. 
From an analysis of tidal and climatic records there is an incidence 
on average of less than 20 tides per year attacking the cliff base.
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Nevertheless, direct wave attack is the most powerful erosion 
mechanism because of the high energies involved (section 4.3.4).
Studies of wave forces active in cliff and beach erosion are difficult 
to measure acurately in the field because of the complexity of the 
environment. The traditional approach to the subject has involved 
model studies conducted in wave tanks, for example, Bagnold (1939), 
Denny (1951), Mitsuyasu (1962) and Sunamura (1978). Laboratory and 
field data are often not validly comparable; as Muir-Wood (1969,p15) 
has noted "in practice, it is apparent that there are many factors to 
modify such laboratory results" but suggested that maximum slamming 
force per unit length of wave crest could be approximated from:
1 5/a
P™ = 5 -P S 2 H, m 2 i w & b
where f w = density of water
g = gravitational acceleration
H, = breaker height
According to Zenkovich (1967), the force of a wave (P) can be 
calculated indirectly by noting the maximum height (H) on the cliff to 
which water is thrown when it breaks. This can be expressed by the 
formula:
P = 10.8H kPa
At the caravan site near Llanon (chng. 42 -+- 00) waves have been 
observed to break over the 3 - 4m low lying; cliffs. This suggests a 
slamming force of 32.4 to 43.2 kPa. The writer is aware of a winter 
storm in 1979 at Nash Point on the South Wales coast of the Bristol 
Channel when storm waves breaking over the 35m high limestone cliffs 
would indicate wave forces in that environment 10 x those in Cardigan 
Bay.
Recent attempts at measurement of beach erosion forces have led to 
thfe design of more sophisticated instrument systems. In the West Wales 
study,attempts were made to measure wave forces breaking on cliffs using 
two types of data gathering units.
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9.2.1 Dynamometer - type wave transducer
Kirk (1973) developed a type of dynamometer to investigate swash 
zone processes on shingle beaches. This was based on the instrument 
used by Shiffman (1965) and measured the net force exerted on two 
discs by determining the resultant displacement of a central rod 
coupled to a shore-based analogue chart recorder. Caldwell et al., 
(1982) considered Kirk's instrument to be a force transducer (or 
load cell) rather than a dynamometer and recognised several shortcomings 
in the design. A new instrument, based on Kirk's model and developed 
by the Physics section of the Science Department at the Polytechnic 
of Wales to record swash and backwash flow velocities, was used by 
Caldwell (1983) to measure surf-zone parameters.
Prior to subsequent instrument failure Caldwell (1983) recorded 
a maximum dynamic pressure of only 2.5 kPa in the surf zone for 
mixed spilling and plunging waves on a South Wales beach directly 
exposed to dominant westerly waves, where H, = 1.2m, TV = 7.6 
seconds. Most workers, including Minikin (1962), have considered that 
forces generated by breaking waves impinging on vertical cliffs may 
be orders of magnitude higher than those measured by Caldwell (1983) 
in the swash zone.
A later prototype of the same instrument was based on the 
measurement of variable resistance across strain gauges as they 
distorted in response to stresses applied to a solid steel support 
rod via a sensing head. This model has incorporated a micro-processor 
controlled digital recording system in the form of a cassette tape 
recorder housed beneath the sensing head and, as such, is self- 
contained. After extensive preparatory work in January and February 
1985 trials with this modified version of the instrument at Aberarth 
proved unsuccessful through continued failure of the magnetic tape 
when activated to record impulses on the head (Plate 9.1 ).
9.2.2 Pressure transducer
Experiments were carried out with a more conventional pressure 
transducer system which used a fluid-filled sensing head housed 
inside a watertight steel box coupled to a shore unit and DC power
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PLATE 9.1 Swash transducer at Aberarth (Feb 85)
PLATE 9.2 Pressure transducer at Llanon 9.3.85
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supply by 30m of three-core PVC cable. The head was a National 1C 
signal conditioned hybrid absolute pressure transducer (Fig.9.1) 
with operating pressure range of 0 - 1000 psi. The shore unit 
consisted of a JJ Instruments model CR652 single channel chart 
recorder powered by 2 x 12 volt batteries, the output signal 
being controlled by an amplifier working off a 9V dry-cell battery. 
The transducer was calibrated in the laboratory with static 
loadings.
9.2.3 Operational proceedure
Establishing a secure anchorage for the pressure transducer 
head on site was problematic. A disused concrete ramp situated 
between sections of till near Llanon (chng. 45 + 00) was selected 
and the instrument head was mounted on a steel template which was, 
in turn^secured to the ramp with six 12mm rawl bolts. The position 
of the head at 2.15m A.O.D was considered representative of medium 
to high tides breaking at or near to the base of the adjacent cliffs.
Preliminary trials commenced in February 1985 and the first 
meaningful results were obtained on March 9th, 1985. Conditions of 
high spring tides were chosen and recordings were taken as far as was 
possible over the period that the waves broke against or over the 
head. Initial observations were made of breaker height, wave period, 
state of the tide and wind conditions for each event.
9.2.4 Results
Six separate experiments were carried out at Llanon to measure 
wave impulses of which three gave useful results. Of these three, only 
one gave values indicative of waves breaking directly on the cliff 
face. The results are shown in the form of sections of the recorder 
chart traces in Figs 9.2(a - b), 9.3(a - b) and 9.Ma - b).
9.2.4.1 9th March 1985
Recordings were started at 0905 hrs as waves were breaking 
against the transducer head. A south-westerly wave field prevailed 
with H. = 2.0m and Tb = 10 sees. Wind conditions were Beaufort scale 
force 5 gusting to force 6 to 7 from a southerly (160° - 180°) 
direction.
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Signal sensitivity was established at 10mv and chart speed at 
10mm/sec which was increased to 20mm/sec at 0910 hrs to give a 
constant trace. At 0925 hrs, when waves were breaking over and above 
the head, swash wave forces were recorded at 29.5 kPa. These forces 
increased with tide level and at the time of highest tide (0940 hrs) 
a maximum value of 38.1 kPa was attained.
At this time waves were breaking against the adjacent cliffs 
(Plate 9.2) at a level of 3.9m A.O.D, 1m or 35% above the predicted 
high tide value of 2.9m. Actual high tide also lagged behind the high 
tide time of 0906 hrs predicted by the 1985 Ceredigion Tide Tables.
At 1005 hrs waves were again breaking directly on the transducer 
head at 27.7 kPa pressure. By 1015 hrs waves were breaking off the 
head and of the total time of 70 mins that waves registered on the 
chart, 10 mins were spent directly on the till face.
9.2.4.2 10th March 1985
Conditions prevailing on the following day were very similar 
with a south-westerly swell predominating (H, = 1.5m, T, = 10secs). 
Winds were southerly (170°) } force 5 (18 knots).
At 1944 hrs, when waves were already breaking against the head, 
swash pressure corresponded to 22mm deflection at 10mv sensitivity 
which represented an effective force of 19.1 kPa. Maximum force was 
recorded at 0958 hrs the estimated time of high tide which was 
measured at 3.0m A.O.D, marginally higher than the predicted height 
of 2.8m.
Waves advanced to within 2 metres of the cliff base and were 
breaking off the sensor head at 1040 hrs after a period of 56 mins.
9.2.4.3 5th April 1985
Waves were again long period (Tfc = 11 sees) south-westerlies 
following antecedent southerly, veering south-westerly, winds of 18 
knots hourly mean.
The chart trace for the period of recording 0858 - 1010 hrs 
showed a strong lateral drift but indicated consistent deflections
between 6.1mm and 8.00mm at 40mv sensitivity, (Figs. 9.4a- ) with no 
obvious peak. These values represent wave pressures of between 21.1 
and 27.7 kPa.
Actual high tide was recorded at 3m A.O.D,again well short of 
the cliff face.
9.3 Rockfall activity
Rock falls are localised but prevalent along the base of the 
Aberystwyth Grit cliffs particularly in the section between Gilfach- 
yr-Halen and Cei Bach where indentations and caves are numerous and 
are generally associated with highly fractured and jointed areas. 
Throughout the rock sections the only fall activated and subsequently 
measured and monitored during the study period occurred at Graig Ddu 
near the northern end of the Aberarth section sometime in February 
1984 (Plate 9.3).
From the photograph it is seen that translational failure has 
taken place on one plane or a set of planes within the rock mass. This 
resulted in a slide of a mass of rock parallel to the rock face,some 
1.5m deep, 20m wide and extending the full height of the face. The 
volume of the resulting x talus cone at the toe was measured at 1000m.
9-3-1 Effect of local geology on slope stability
Rock type has an important influence on the behaviour of rock 
slopes not only because of its durability with regard to weathering 
but also because natural discontinuities control its mass properties. 
Workers in Europe have emphasised for many years the fact that a 
rock fall is not a continuous mass and that its behaviour is dominated 
by discontinuities which are essentially, therefore, structural weakness 
planes upon which movement can take place. The representation of 
discontinuity orientation data with its application to rock slope 
stability has been described in detail by Hoek and Bray (1977).
The local rocks were given the term Aberystwyth Grits by Keeping 
(1881), who was the first to make a serious study of these beds. The 
sedimentation and sedimentary history of the Aberystwyth Grits has 
since been well documented by Jones (1912,1938), Rich (1950), Kuenen 
(1953) and notably by Wood and Smith (1957). The most marked lithological
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PlLATB 9.3 - Rockfall near Graig Ddu (Mar 1984)
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feature of the Grits is the regular alternation of greywacke beds 
with mudstone, the junction between the base of a greywacke bed and 
the underlying mudstone always being well defined and abrupt (Plate 
9.4). Wood (1959), describing post-glacial marine erosion of these 
cliffs, has considered that lithology is roughly uniform and that 
any difference of cliff slope or height is due either to geological 
structure or to a variation in the erosional history of the cliff 
face.
North of Aberarth, the coastal bevel described by Wood (1959) 
is transected by 30m high near-vertical cliffs. At the Graig Ddu 
end of the section the angle of slope of the modern cliff is generally 
70° steepening in places to 80°. The strike of the beds is nearly 
parallel to the coast (235° - 055°) with a dip of some 27° inland. The 
greywacke beds are parallel to each other and give an impression 
of considerable horizontal extent. Generally an increase in the 
proportion of greywacke is discernible as one travels southwards. 
At this locality the cliff section is dominantly composed of thick 
greywackes, the ratio of greywacke to mudstone being approximately 4:1
Planar structures (bedding,laminations,foliations) range in 
spacing from thick (600mm-2m) to thinly laminated (<6mm). Vertical 
discontinuities (mainly joints) are narrowly to widely spaced (60mm 
- 2m). Terminology used in this respect is that proposed in Table 
19 of the I.C.E Manual (1978, p225). A detailed measurement of 
discontinuities was discouraged as any attempt to differentiate 
between the horizontal population which represented bedding planes 
in the mudstone would be abortive (Plate 9.4).
Rock strength was measured by Schmidt hammer (section 7.5-3.2). 
Rebound values were determined from alternating beds of greywacke 
and mudstone at 10 different locations within 2m of M.H.W.M of 
ordinary tides (Table 7.2). Values of uniaxial compressive strength 
for the mainly unweathered greywacke beds ranged from 100 to 125 MPa 
with a mean of 1l8MPa. The average strength of the mudstone tested 
was 23MPa. These Schmidt hammer values probably represent intact 
strength rather than fractured strength and may therefore lead to 
an overestimation of rock strength where discontinuities are present.
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Although no precise guide lines can be given, any rock with an 
unconfined strength of about 30MPa or less must be viewed as 
potentially subject to weathering (I.C.E. 1973, p245).
At the present time no obvious notching, caused by the weathering 
of the weaker mudstone layer, is apparent and it is clear that 
natural undercutting of the cliff face has not encouraged failure 
in this instance.
9.3.2 Climatic conditions for winter 1983/4
Rockfalls are usually associated with particularly severe weather 
conditions. Although 1983/4 was the wettest winter of the study period 
with 254.8mm recorded at R.A.E. Aberporth (Table 4.2), the weather 
records suggest that this was not exceptional. The mean figure for 
winter months over the 12 year period 1970-81,is only marginally 
lower at 246.9mm. However, the December 1983 rainfall figures of 
122.1mm was 52% higher than average and was followed by 7 and 13 days 
of ground frost in January and February respectively (Table 4.1).
Such conditions are likely to have led to increased water 
content in discontinuities followed by freeze-thaw conditions. Ice 
trapped in vertical joints and horizontal bedding planes will exert 
lateral pressures and open these discontinuities.
External vibrations caused by gale-force winds or high-energy 
wave attack can influence near-surface rock stability, particularly 
if the rock is already in a marginally stable situation. Analysis 
of wind records for Aberporth show that January and February 1984 
had particularly stormy wind conditions, with 293 hours in January 
having gusts of 34kt and 96 hours with gusts of 48kt. The first 
week of February had 109 hours with gusts of 34kt and 25 hours with 
gusts of 48kt. Almost all gale-force winds veered from an arc S.W. to 
N.W. with highest gusts recorded at over 70kt.
Of the eight storm events recognised from the climatic data for 
the period summer 1982 to summer 1985, three were recorded during 
the winter months of 1983/4 (Table 4.7). The storm of 9th December 
1983 had a duration of 19 hours with a maximum hourly wind speed of
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44 knots and cumulative wave energy calculated at 6.3 x 105 Joules/ra 
crest width. Winds from directly north meant limited effective fetch.
The storm event of 3rd January, 1984 was from the north westerly 
quadrant, that of highest storm frequency. Southerly winds on the 2nd 
veered through westerly to north-westerly and increased in force. 
Hourly means of 36 knots were recorded throughout the 3rd with gusts 
of over 60 knots. Storm duration was 46 hours in total and generated 
total wave energy of 23.8 x 10 Joules An crest width, as calculated 
by the S-M-B significant wave approach (Hale and Greenwood, 1980). 
This storm also coincided with spring tides; a predicted maximum height 
of 2.1m A.O.D was measured at 5.8 A.O.D at Llansantffraid beach. 
Assuming a comparable storm surge at Graig Ddu, where the height of 
beach is 3.5m A.O.D, wave attack would directly affect some 1.3m of 
the cliff face. Cliffs striking south-west/north-east are orientated 
at right angles to the 290° direction and exposed to the full impact 
of high-energy waves. Both these facts are significant in instigating 
rock face disturbance.
On the 6th February 1984 prevailing winds coincided with the 
direction of dominant wave approach at 260°. Winds of 38 knots maximum 
hourly speed blowing over effectively limitless fetch generated total 
wave energy of 19.7 x 10 Joules/m crest width.
Of the 33 storm-wave generating events hindcasted for the period 
1971-85, the two storms of January and February 1984, were ranked 
third and fourth in terms of measured intensity (Tables 4.6 and 4.7). 
It does not seem an unreasonable assumption therefore that either or 
both these two events had a significant impact on the coastal zone 
particularly with regard to rockfall activity.
9.3.3 Toe protection and longshore drift
Coastal erosion process rates along this section of Aberystwyth 
Grits may be influenced by cliff height. The higher the cliff the more 
material is likely to fall when its base is undermined. This in turn 
means that a greater amount of debris has to be broken down and removed 
before the cliff is once again attacked with the same energy. Removal 
of this protective talus cone is usually accomplished by longshore
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drift, which can be defined as the flow of coastal sediment produced 
by wave and current action when waves approach at an angle to the 
coastline.
From the theoretical model of longshore sediment transport discussed 
in Chapter 5, a northerly transport of material is predicted along the 
2 km length of cliffs between Aberarth and Morfa (Fig. 5.9b). At Graig 
Ddu the model indicates a small cell of southerly drift but the validity 
of this cell is questionable because of its size (0.2km). North from 
Graig Ddu around the Morfa Farm headland the overall northerly drift 
of sediment is again confirmed by the model (Fig. 5.9c).
By February 198? marine action had removed little of the 
protective cone although removal of fines and some weathering of the 
larger boulders had occurred (Plate 9.5). This apparent lack of 
debris dispersal invites comparison with the study carried out by 
Williams and Davies (1980) on remedial blasting of Liassic limestone 
cliffs at Llantwit Major in South Wales. In 1969 bulk blasting 
techniques to realign some 250m of cliff face resulted in a calculated 
talus cone volume at the toe of 23,000 yd^ (17,500m^). By 1978 a 
levelling survey showed the remaining volume to be only 8,300 yd 
(6,300m ),this 64% reduction in volume reflected the severity of 
wave attack and the efficiency of longshore drifting. The area lies 
in the high-energy storm environment of the Bristol Channel where 
wave activity is dominated by open fetch in a south westerly direction 
to the North Atlantic and a tidal range that can reach over 6m with a 
10 year recurrence interval.
Although the size of material in any blast cone is smaller in 
comparison to natural rock fall debris in the greywacke suite and 
would therefore contribute to more rapid dispersal, it is apparent 
that removal of the talus material is a direct response to contemporary 
marine processes.
In the Llantwit study rapid lateral dispersal of rockfall material 
by marine agencies was verified by measurements of pebble tracer 
movement over a single winter season where pebble* moved onshore 
in a north easterly direction for all beach positions with very 
rapid dispersal occurring at high-tide position.
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PLATE 9.5 Rockfall near Graig Ddu (Feb 198?
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Near Graig Ddu, one hundred pebbles collected, coloured and 
replaced at high tide position on the adjacent beach at Morfa in 
June 1981* revealed little or no movement during the winter of 1984/5 
and 1985/6. By comparison with the predominantly high-energy beaches 
along the Bristol Channel the beaches along this section of the Cardigan 
Bay coast may be classed as low energy, where the transporting capabilities 
of local wave and tidal conditions are minimal.
At the time of writing (March 198?) the tracer population has 
completely disappeared as a result of the stormy conditions of the 
winter of 1986/7. Observation of the base of the cliffline along this 
beach reveals a series of interesting morphological features which can 
be described as micro embayments (Plate 9.6). In plan view these features 
represent a bay headland configuration within the cliffline, the embayments 
themselves being separated by beach cusps.
Similar rhjlhmic beach features were noted on Llansantffraid and 
Aberarth beaches after storm conditions (Plate 9-7). These typically 
have dimensions of the order 8 - 10m long and perhaps 5m in width or 
amplitude. They consist of coarse shingle cusps (or horns) separated 
from each other by bays whose floor is of finer material. The 
processes of beach-cusp formation have generated a large literature, 
the interpretation now accepted is that of edge-wave theory which, 
despite problems, does explain the regularity of cusp spacing.
At Morfa beach cusps and cliff embayments occur in tandem and may 
have formed in response to the presence of edge waves. Such features 
can develop over a matter of minutes with a perfectly regular spacing 
longshore and result in highly variable rates of cliff retreat 
within a short stretch of beach. Along a long straight cliffline at 
Aberarth (Plate 9.7) the formation of beach cusps, again inshore of 
the beach M.H.W.M, are not associated with pockets of erosion within 
the till face.
It is interesting to note that the beaches where these phenomena 
have been observed have almost exactly the same orientation and face 
the most destructive storm approach direction of 290 -335 . These 

























PLATE 9.7 Cusp formation along a straight cliffline at 
Aberarth
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focusing of wave energy (Healy, 198?). The episode of erosion at Morfa 
is a function of either higher energy levels or weaker "resisting 
forces" within the cliff material.
9-3-4 Contemporary recession rate in rock sections
The process of rock fallis avery sporadic process and it is 
very difficult to establish a reliable frequency of occurrence from 
the records of a few years, (Carson and Kirkby, 1972). It is easy to 
calculate the amount of material involved in a specific rockfall but 
not so easy to relate this to long-term recession rates.
Long-term retreat rates for this cliffline were obtained by 
comparing successive positions of M.H.W.M from 1:2500 O.S maps (1880, 
1905 and 1974). Using this technique a mean recession rate of 0.14m/ 
year was noted for this section (Fig 3-9).
During the 30 month study period (1983-1985) active recession is 
represented by the one major rockfall recorded at ch. 62 + 00 in 
February 1984. Since the area of near vertical rocks extends for some 
1.75km at an average height of 20m, the average amount of rockfall 
retreat can be calculated as
1000 or 0.01m/year
1750 x 20 x 2.5
It is seen that this figure cannot be considered representative 
of the long-term rate. It may be that observations over a 30 month 
period will not give a reasonable estimate of contemporary process 
rates. For instance, a particularly severe winter may result in far 
more rockfalls than in an average year. It follows that any records 
in a short period of time which fail to include rockfalls of this 
frequency will underestimate the process rate.
However, a similar differential between field and map monitoring 
has been noted by Williams and Davies (1987) for Liassic limestone 
cliffs along the South Wales coast and this must question the validity 
of using M.H.W.M as recession indicator when applied to solid rock 
sections. Inaccuracies in long-term rates calculated from map
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evidence can also be attributed to the use of nineteenth century 
maps as datum bases (Carr, 1962).
9.4 Undercutting due to wave action of glacial deposits near Aberarth
For some 500m north of the mouth of the river Arth (chng. 78-83 
approximately) the coastline consists of weakly consolidated sediments 
whose composition ranges in size from gravels to clay (Plate 9.8). 
These materials have been designated solifluction deposits by Watson 
(1971) and are banked against the rock surface of the Aberystwyth 
Grits sloping, at some 45° seawards.
Where these more easily eroded deposits form the shoreline materials, 
extensive recession has occurred. Map evidence has indicated annual 
retreat of 0.63m/year over a 90-year period (Fig. 3.9). Active erosion 
along this section appears to be two fold-erosion at the base is due 
primarily to wave action causing notching, erosion of the upper 
section is sub-aerial and is probably secondary in importance.
9.4.1 Processes
Undercutting by waves and tidal currents is significant (Plate 9.8) 
and most of the erosion can be attributed to this effect. Notches and 
cavities extend along the whole of this section and have typical 
dimensions 1.5m in height and up to 1m in depth. Formation and 
development of these undercut features, which is dependant upon 
intensive and continuous marine activity, will lead to loss of support 
at the cliff base and ultimate failure.
The beach in this location is small and narrow and offers little 
defence against marine attack. The height of beach/foot of cliff is 
2.7m A.O.D and is therefore prone to coverage by some 150 tides/year 
which represent 1 .2% duration. The lack of sediment along this beach 
and consequently the lack of protection that it affords may be 
explained by the presence of extensive protection works immediately 
to the south in an area of northerly longshore drift.
The most significant erosion at the top of the cliff is due to 
run off. Substantial flows of water coming off the agricultural land
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PLATE 9-8 Undercutting of glacial cliffs north of Aberarth
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behind cut deep channels into the slope face and result in rills 
and gullies (Plate 9.9).
Where the till is more permeable, percolation of groundwater 
downwards through the soil mass results in numerous small seepages 
emerging from the lower face of the cliff. These occur where an 
impervious layer of clay lies within the till deposit and forms a 
barrier to the downward movement of groundwater resulting in a 
localised outward flow.
Both these slope processes, particularly run-off , result in 
gravitational transport of sediment which produce temporary talus 
cones at the foot of the cliff. Since they very much depend on 
climatological factors they are erratic and difficult to monitor.
9.4.2 Stability analysis
Apart from local collapses of overhang material caused by 
notching, no large-scale failure was activated during the period of 
field study. Using the laboratory data for the residual shear 
strength properties of the Aberarth deposits, slope stability 
as described by critical height can be calculated .
Cliffs can only be supported to certain critical heights 
depending upon the relationship between shear strength and angle of 
slope. Carson and Kirkby^ (1972) used Culmann's formula to link 
critical height (H ) and slope angle (i) for the analysis of
\*r
wedge-shaped failures.
Assuming a planar failure surface involving the complete length 
of slope and passing through the toe
H = 4c sin i cos $ c
* [1-003(1-0)]
where If = bulk density
c = cohesion
rf> - angle of internal friction.
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PLATE 9.9 Extensive gullying of till material chng. 
80 + 00 approx.
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Slope height and angle were measured with a clinometer as 12m 
and 70° respectively. Substituting the relevant data in the equation
H = 4 x 28 sin 70 x cos 21.4
\^f
20.69 [1 - cos (70 - 21.4)]
= 14m
It is evident,therefore, that these slopes are barely within 
the critical limits imposed by their shear strength parameters.
9.5. Sub-aerial erosion processes
While various workers, including Hutchinson (1969), have considered 
sub-aerial processes to be of little or no significance in coastal cliff 
erosion, McGreal (1977) has ranked wash or run-off as the dominant 
erosional process in glacial sediments, being responsible for greater 
removal of material than any other single marine or mass-movement 
process.
Within the 20km coastal section between Llanrhystud and New Quay, 
surface water run-off appears to be relevant in specific localities 
where glacial deposits are banked against the solid rock. The importance 
of this process is very much dependant on slope parameters, namely slope 
height and angle, material properties and lack or otherwise of 
vegetation cover.
On the steeper slopes (>70) near Aberarth (section 9.4.1) sub- 
aerial erosion of the clayey tills takes the forms of gullying (Plate 9.9) 
while at Gilfach-yr-halen even more severe gullying of the near-vertical 
deposits of sands and gravels has resulted in columnar, almost "earth 
pillar" structures (Plate 9.10).
The boulder clay cliff sections around Cei Bach are disturbed by 
former landslides and at their base the talus slopes are well vegetated 
with shrubs and trees and can be deemed "inactive" in terms of Bnery 
and Kuhn's (1982) sea cliff classification. At New Quay the 20m high 
clay slopes have a shallower inclination (between 35 and 40 degrees) 
(Plate 9.11) and are therefore more exposed to conventional weathering 
processes that involve physical and chemical changes within soil due 
to climatic variations of rainfall, temperature etc.
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PLATE 9. 10 'Earth pillars* at Gilfach-yr-halen
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PLATE 9. 11 Sub-aerial erosion of boulder clay slopes at New Quay
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Within the embayments at Llanon and Aberarth the tills form low 
vertical faces at the shoreline and sub-aerial erosion is restricted. 
Agricultural land gently sloping towards the sea is generally ploughed 
to within a few metres of the cliff edge, a fallow strip being left 
adjacent to the beach. Run off is diminished by land drainage although 
some local erosion is evident in the form of vertical channels where 
land drains discharge from the cliff face.
If run-off is the predominant sub-aerial process throughout the 
research area, mainly active during periods of heavy rainfall, other 
weathering processes were observed, particularly on the clay slopes 
at New Quay. These include freeze-thawing activity and desiccation.
9-5-1 Freeze thaw activity
During winter months freezing of the surface layer followed by 
thawing and consequent downslope movement of material was identified. 
Although of low amplitude, daily frost cycles, if repeated often 
enoughjCan produce substantial amounts of slurried material which 
accumulates at the toe.
Soil freezing is a complex phenomenon (Taber, 1930;Beskow,1935) 
determined by numerous parameters which include intensity and duration 
of frost exposure, depth of water table,soil porosity and quantity 
of rain falling prior to the frost. Casagrande's (1931) approximate 
equation states that the depth of freezing of the soil layer is 
proportional to the square root of the number of accumulated days 
below freezing. Severe winters in the New .Quay area are rare and 
during the period 1970-85 the number of successive d.ays with 
freezing temperatures was never more than 1? (Table 4.1). It follows 
that freeze thaw activity can be regarded as a minor erosional process.
9.5.2 Desiccation
Desiccation is the process of "evaporation of water from a surface 
exposed to the atmosphere" (Terzaghi and Peck 1967,p138). The 
desiccation of a clay proceeds from the exposed surface in a downward 
direction and leads to the formation of a crust. Within this depth 
the clay is broken up by shrinkage cracks. During succeeding rain, 
the outer layers of clay become saturated and air is trapped in the
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layers of dried clay below. Pressure due to the air produces a tension 
in the clay that causes failure in tension along some surfaces. This 
process known as slaking is often responsible for the breaking up and 
sliding of unprotected clay slopes and was observed at New Quay during 
the summer of 1984.
As a result of high summer temperatures and abnormally low rainfall 
figures during June to August extensive shrinkage cracks were produced 
in .the surface layers. At the end of August some on the mid section of 
the slopes were measured at 15cm in width (Plate 9.12). Resulting heavy 
rainfall in September (152mm total) caused slurried till to flow down 
the slope face and form an apron at the toe (Plate 9.13).
Drying of clayey tills to very low moisture contents, normally 
below the shrinkage limit, produces a very hard but very unstable, 
erodible soil as discussed in detail by Gelinas (1974). At moisture 
contents above and slightly below the shrinkage limit the till is 
very resistant to erosion. Measurements on undisturbed samples of 
New Quay clay, taken above the ground water table, indicate an 
average natural moisture content of 17.8%. From the writer's experience 
of soils testing, the shrinkage limits of soils in the British Isles 
is relatively constant at between 12 and 14 percent. Moisture contents 
taken of the surface strata at the end of August gave a mean value of 
10.2%,well below the shrinkage limit.
Fig 9.5 clearly illustrates that erosion of clay tills is negligible 
until the moisture content is reduced by desiccation to a percentage 
below the shrinkage limit. At these lower moisture contents (9-13%) 
the hydration energy of the dry soil is very high and the soil slakes 
when wetted resulting in potentially high erosion rates.
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PLATE 9-12 Desiccation cracks in clay slopes at 
New Quay. Aug '84
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•/. WATER CONTENT AT THE BEGINNING OF THE TEST
FIG. 9.5 Erosion of till (directly from Gelinas)
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9.6 Mudslopes at New Quay
At New Quay a combination of toe erosion and surface slides has 
produced some complex slope phenomena. At the eastern end of the bay, 
which is associated with high rates of long-term recession (Fig. 3.9) 
the exposed boulder clay slopes extend over a length of some 300m and 
reach a maximum height of 25m A.O.D with an average overall inclination 
of 38°.
Three sections of the slopes (Profiles X,Y and Z were surveyed by 
level and staff in February 1983 (Plate 9.14). Subsequent surveys were 
carried out in February 1984 and March 1985. Cross-sectional details 
are shown in Figs 9-6a-c although on such a small scale subtle changes 
in slope geometry are not detectable. Interpretation of actual recession 
from these surveys was difficult because of amount of debris material 
at the toe. Direct measurement of short-term toe erosion using erosion 
pins proved non-productive. A series of 10mm steel pins hammered into 
the clay face 1m above beach level (Plate 9.15) were either dislodged 
or completely removed within days due to a combination of surface 
processes and direct marine attack.
Over the 2 year period average toe erosion from profiles was 
measured at 0.28m/yr whereas no change was discernible at the cliff 
top.
9-6.1 Processes
There is no evidence of a tendency for any deep-seated slides - the 
in-situ boulder clay appears to weather rapidly in a thin surface layer 
which becomes involved in shallow slides approaching mudflow conditions 
(section 9.5). These are prevalent in the mid-section of the slopes 
and result in a downward movement of weathered material accumulating 
at the toe. Removal of these accumulated clays by tidal activity can 
stimulate further shallow sliding on the slope which leads in turn 
to further weathering as the protective surface layer is removed.
An equilibrium condition can clearly be reached when, on average, the 
rate of removal of debris by erosion is in balance with the rate at which
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P^ATE 9.15 Erosion pin in boulder clay 1m above beach 
level - New Quay, Sept '84
PLATE 9. 16 Local collapse of boulder clay at New Quay, 
Dec '84
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debris is delivered to the toe by weathering processes and subsequent 
sliding..In this condition, which is the Type I mode of behaviour 
described by Hutchinson (1973), the slope will be undergoing parallel 
retreat under a predominantly shallow translational pattern of land- 
sliding and toe erosion will only remove slide debris, never the 
in-situ clay.
At New Quay it appears that direct wave attack removes more material 
from the toe than is being discharged from the slope by mudslides .and 
that removal of the in-situ boulder clay is an on-going process. This 
means that the parallel cliff retreat suggested above is replaced by 
a gradual steepening of slope accompanied by gradual increases in 
shear stress within the slope leading eventually to a possible 
rotational failure.
Marine erosion is evidently strong throughout the length of these 
cliffs and results frequently in individual collapses of near-vertical 
banks of clay at the toe (Plate 9.16). The gently sloping sandy beach 
offers little protection and over a typical year the area of cliff 
below 3.0m A.O.D is exposed for some 0.8% duration and that below 2.0m 
A.O.D for 3.9%.
9*6.2 Geotechnical properties of clay
The clay is a bluish-grey stiff boulder clay having an unconfined
2 
compressive strength measured at 250 KN/m . Particle-size distribution
showed 40% stone content, some of the clasts being of flint and indicative 
of Irish Sea till. Index tests gave liquid limit of 36% plastic limit 
of 20% and a plasticity index of 16. Undisturbed samples tested in a 
reversible direct shear box gave Rvalue of 29.6° with zero cohesion 
(Fig. 9.7).
9.6.3. Stability analysis
For the given geometry of the slope and the shear strength parameters 
the factor of safety was determined using Bishop's (1955) conventional 
method of slices. As in other analyses, a circular arc slip plane is
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assumed, starting beyond the top of the slope and ending at or near 
the toe. In practice a number of trial slip circles would have to be 
drawn in order to find the minimum value for F. The one giving the 
lowest value of F is known as the critical circle and its centre was 
located using Fellenius's construction shown on Fig. 9.8. The sector 
above the failure plane is divided into a convenient number of 
vertical slices of equal width.
Considering the stability of any one strip of unit thickness, the 
forces acting are shown on Fig 9.8. The force due to the mass of the 
slice W can be split into two components
W sin $ acting tangenti ally to the base of the slice and 
W cos 9- acting normally to the base of the slice
The disturbing force will be W sin ft-and its moment about 0 = 
W Sin 9- R.
The resisting force will be the shearing resistance along the 
base of the slice made up of the frictional component W cos 9- tan 9- 
and the cohesive component c.l and the resisting moment about 0
= (W cos & tan 0" + c.l)R
The disturbing moment and the resisting moment for the whole 
section will then be the sum of these moments for each slice
F = 2] Resisting moments
21 Disturbing moments 




The values obtained from each slice were tabulated and the 
results summed from Fig. 9-7, C = 0,^= 29.
.'. F = 2077 tan 29 = 1.20 
957
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In terms of landslide hazard classification this figure of 1.2 
suggests MEDIUM potential to slippage.
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This study has focused on the factors and conditions which 
influence cliff stability and erosional processes along a 20km 
section of the Cardigan Bay coastline.
The initial hypothesis was that numerous factors (particularly 
the strength of cliff material and the role of the beach profile as 
a natural buffer between sea and land) were responsible for differing 
recession rates and that these could be identified and interpreted 
by intensive field surveys and ranked in order of importance by 
mathematical regression and correlation techniques. Because of the 
length of coastline considered and the variability in cliff and 
beach morphology, aspects of the work have inevitably been qualitative, 
where processes have often been inferred from phenomena observed.
Discussion of the processes operating has suggested that marine 
action was the dominant mechanism influencing erosion along the till 
embayments between Llanrhystud and Aberaeron and responsible for the 
undercutting of boulder clay cliffs north of Aberarth. Sub-aerial 
erosion was very much a contributory factor at Gilfach-yr-halen and 
especially at New Quay, where surface slides and shallow rotational 
failure influence slope stability.
10.1 Recession rates
This coastal area of Ceredigion is an active environment which 
has experienced almost continuous change over the last century. 
Geomorphic changes in the shoreline between 1880 and 1970 have 
been evaluated from the positions of MHWM and MLWM' as indicated on 
large scale O.S maps for the period. Long-term recession rates as 
represented by the MHWM exhibit considerable spatial variability, 
ranging from 0.06 m yr~ 1 in sections of the Aberystwyth Grits south 
of Aberaeron to 0.65 m yr" 1 in glacial clays near Aberarth. Mean 
values of 0.16 m yr~ 1 , with individual peaks of 0.50 m yr~ , were
288
recorded for the till sections between Llanon and Llanrhystud.
The results of this investigation have provided, for the first 
time, the quantitative data necessary to estimate the future short- 
term recession within the glacial embayments of the Aberaeron area 
where erosion is problematic (Table 3-D. Highest erosion was identified 
south of Llanon (site B) where a mean annual figure of 0.25 m yr 
was recorded for the 30-month period. Differences in annual retreat 
rates within the Aberarth embayment (site D) have been related to 
a distinct change in cliff material. The contemporary figure of 
0.12 m yr" for north of Llanon (site A) was in agreement with the 
long-term value of 0.16 m yr~ and implies that changes in the 
coastline have been consistent over time.
For the rock sections the contemporary rates were at variance 
with the long-term figures. Calculation of present-day recession of 
the cliffs between Morfa and Aberarth has given a mean value of 
0.01 m yr~ , considerably less than the long-term retreat rate of 
0.14 m yr~ obtained from map evidence. This discrepancy could be 
attributed to unusually low rockfall activity during the study period 
or to inadequacies in long-term map measurements (section 9.3.*O.
It was also noticeable that long-term erosion rates for hard 
rock sections were often little different from those for the softer 
tills and clays and this must cast further doubts on the validity 
of using MHWM as recession indicator when applied to rock cliffs 
fronted by wave-cut platform.
10.2 Significance of specific storm events
Incidence of cliff erosion within the till materials was found 
to occur under specific tidal and climatic conditions and temporal 
variations in erosion rates could therefore, be explained by 
differences in environmental energy inputs. In geomorphological time 
scale the period of observation was short and did not include the 
extreme low frequency, high magnitude event of cliff recession 
suggested by local residents which would have resulted in the removal 
of several metres of the till face.
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By using limited climatic conditions necessary for erosion it was 
possible to hindcast past frequencies of potential cliff-eroding 
events. Measured wave data (Draper and Wills, 1977) was of limited 
value for analysis purposes and use was made of the Sverdrup-Munk- 
Bretschneider method to produce theoretical wave energies for 
specific wave events within the Cardigan Bay area, based on hourly 
wind data for R.A.E Aberporth. Predictions for the periods (1971-81) 
and (1982-85) indicated a total of 33 significant events, averaging 
2.2 per year.
The maximum predicted storm occurred between 28-30/1/78 when 
total wave energy of 47.8 x 10 jm~ crest width was calculated.This 
largest magnitude event was from .the north-west quadrant which 
contributed 82% of all destructive waves. The computed data also 
confirmed the dominance of south-westerly winds (Table 4.7).
The moderate to high storm events predicted may not effect 
change along the Ceredigion coastline unless such events coincide 
with periods of high tide. From Fig. 4.12 it is seen that high 
tide was consistently different from the predicted value, the 
discrepancies in height being attributed to meteorological conditions.
Tidal coverage of different heights of cliff along the coastline 
were calculated from tidal data and gave an indication of the infrequency 
with which the tide reaches the areas of cliff above 3m A.O.D. 
The significance of these figures is that much of the cliff line, 
even at lower levels, was.potentially more subject to sub-aerial 
rather than marine processes.
10.3 Theoretical prediction of beach levels
The role of the beach as a buffer to cliff erosion has been 
considered in terms of sediment cell delimitation, the spatial 
position of such cell boundaries dictating the longshore magnitude 
of beaches (Davies, 1974).
The position of sediment compartments or cells alongshore 
has been identified using the WAVENRG computer programme for 
wave refraction modelling. A series of fifteen cells have been
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theoretically predicted for the length of coastline between 
Llanrhystud and New Quay, most of which indicate separate zones of 
deposition and erosion with an overall northerly residual drift 
direction.
Most applications of wave refraction models have been on 
coasts of relatively simple and regular plan-view composed of sand. 
Applying the model to this length of coastline has added to present 
knowledge on the subject in that it has identified cell boundaries 
along an irregular coastline with high gravel or shingle content in 
its beach sediment.
Zones of deposition and erosion in the form of "high" and "low" 
beaches have been interpolated from data obtained by longshore survey 
of beach profiles. Comparison of predicted to field data has shown 
good correlation (Fig. 6. 10) with most of the differences between 
them being accountable.
Given the imperfections and limitations of the theoretical base 
and interpretation, the results of this study have demonstrated the 
value of such a model in predicting longshore beach levels and 
consequently identifying potential erosion zones.
10.4 Beach and cliff morphology
Monitoring surveys of selected beach profiles over a 2-year period 
have shown limited variation in beach levels, the maximum range of 
movement on the upper foreshore being restricted to 1.5m. Sweep zones 
generally show a gradual build-up of beach volumes during late 
autumn and erosion of the beach face in January storms.
Longshore patterns of sediment distribution in terms of "high" 
and "low" beaches have been confirmed. It is suggested that the 
beaches studied are generally stable in terms of longshore sediment 
movement but future surveys are necessary to deduce whether present 
day conditions are characteristic of the longer term.
Using the 'b 1 axis as indicator, direct measurement of pebble 
characteristics along the major shingle beaches have indicated a
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coarsening of beach material from S.W to N.E i.e the direction of 
predominant littoral drift. This increase in particle size corresponded 
with higher beach levels at the northern end of crenulate bays like 
New Quay and Cei Bach.
The physical properties of the cliff materials (Chapter 7) 
have been examined using standard engineering classification tests; 
the till material presented particular problems in sampling and 
testing.
Fabric analysis data has revealed little difference in tills 
within the area, each exposure showing a consistency of particle 
shape, confined mainly to discs and blades with few spheres. Clast 
orientation within each site was predominantly parallel to the 
slope of the land and at right angles to the existing coastline 
which could be used as an argument for deposition by west-flowing 
ice. This is in agreement with Watson (1970) who related a constancy 
in preferred stone orientation in the coastal area between Morfa 
Bychan and New Quay to a very gradual change in orientation of 
the coastal slope.
Field index tests showed only minimal variation in unconfined 
compressive strength within the rock sections while laboratory 
tests confirmed that the unweathered till material is similar 
throughout the area. Shear strength parameters showed consistency, 
values of <tfr for the passing 3.5mm fraction ranging between 
26.4 and 31.6. Atterberg tests classified the fines fraction 
as an inorganic clay or silt of low plasticity. Differences in 
grading were considered sufficient to distinguish both between and 
within the various exposures.
10.5 Causal influences on erosion of independent parameters
From the statistical analysis r strength of cliff material 
was not found to be significant in explaining variation in recession 
rates.
Results suggest that erosion is controlled spatially by 
the extent of beach deposits at the cliff base, beach-face volume
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being the dominant explanatory variable (Sig F = 0.0593).
It is also suggested that temporal erosion as a result of 
extreme storm events outweighs in terms of importance the erosional 
effects of higher frequency, low magnitude marine exposure.
In terms of contemporary short-term recession of specific 
till exposures, beach parameters were again important and 
explained some 86% of total variation.
10.6 Final Comment
In conclusion, this investigation has shown that the till 
embayments in the Aberaeron area are retreating on average by some 
13cm per year.
Although several fanners and caravan site owners are losing 
appreciable amounts of land, it is doubtful whether any remedial 
measures would be economically justified considering the low 
population density and the low risk to property.
Recent engineering works have ensured stability in areas 
such as Aberarth although, like other coastal protection workte in 
the past, full knowledge of what adverse affect it may have on 
adjacent beaches is not clear. Certainly depletion of beach 
material is evident in several areas to the northerly leeward 
drift side of such structures.
In the future low-cost protection measures may be considered 
the most viable and cost effective for this area being beach 
replenishment, although any management strategy for maintaining 
the stability of the present coastline must be considered in terms 
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